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Abstract :“'
.
s Quantitative Feedback Theory developed by Dr. Isaac
; Horowitz of the University of Colorado is used to design
4 the control ltaws for a Short Take Off and Landing(STOL) .
- aircraft. Compensators are presented for two longitudinal Fﬁﬁ
. variaoles, angle of attack and forward velocity, which are ;§a
- controlied via the use of five separate control surfaces: ;E;
- canard, stabilator, ailerons, upper and lower thrust 571
| reversing vanes. The final design must exhibit robust s
qualities over three flight conditions despite surface A
- - failures. ‘::
: | The state-space matrix representation of the aircraft is E;E
Eg developed from pertubation equations using linearized ;éi
aerodynamic data. Transfer functions relating servo input E;;
signals to aircraft outputs are obtained from the state-space fgﬂ
;; equations. The original output set included the flight nath &;?
angle and velocity; however, the non-minimum phase E:E
- characteristics of the flight path angle precluded its use by ;iﬁ
,3 tne type of Quantitative Feedback Theory used in this thesis E;?
'i since unstaole plants can arise. Instead, the minimum phase E;:
EE variaoles angle of attack and velocity are controlled. The iﬁf
E: ten separate transfer functions relating the two output i;i
b variables to the five input commands form a 5 X 2 plant ;ﬁ
-f e transfer function matrix. These separate transfer functions ﬁﬁ
NI | 3
: . =

D)
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S
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o
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are combined using a weighting vector into a 2 X 2 minimum
phase plant matrix for each flight condition/failure
combination. Quantitative Feadback Theory is applied to the
resulting plants to yield robust control.

A single set of fixed compensators and prefilters are
designed to handle the entire plant set, consisting of three
single-surface failures and two dual-surface failures at each
flight condition. For these failures neither Fault
Detection/ldentification, nor scheduled compensation, is
required. Surfaces are assumed locked at zero degrees
deflection after failure, generating no net moment after
failure. Digital simulations have shown the control to be
robust over the three flight conditions and surface failures.
Loop bandwidths for the velocity and angle of attack loops
are 35 and 12 rad/sec respectively. Control surface rates and
deflections are shown to saturate only for the double failure
cases.

Quantitative Feedback Theory effectively controls the

aircraft despite large uncertainty due to flight condition

chnanges and/or control surface failures without identification.

Application of QFT eliminates the use of identification to
acnieve rooustness and tne associated false alarm and missed
detection problems. Efforts to expand upon the base of flight
control desiyn using this method are recommended, especially
direct desiyn in tne discrete domain. Research should also

continue on developing a computer-aided design program to

expedite the synthesis of controllers using QFT.
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3: ROBUST FLIGHT CONTROL SYSTZIW FOR & STOL AIRCRAFT ::‘
E} - DESIGN USING QUANTITATIVE FEEDBACK THEORY Z{
:Z e {};
N I. Introduction ‘Sg
. 2
P ) R
' Future aircraft may incorporate many control surfaces -~
3 to meet stringent performance and aerodynamic efficiency .Lii
requirements., These many surfaces increase the survivability é;u
of tne aircraft by providing redundant control in the event :$;
of surface failures. The design of a flight control system ‘_C;;
that automatically redistributes control authority among the iﬁ;
;; . remaining surfaces in the event of failure is a significant :é;
_f challenge. A control law sufficiently robust to encompass the
;f dynamic uncertainty, as well as surface failures, is desired.
’; \ Failure identification is useful but there is a trade off
f%i hetween the reliability of the failure identification and the
time criticality of the failure. Thus a robust (non-
identification) desiygn provides control without the need of
relianole identification.
Quantitative Feedback Tneory(JFT) developed by Dr. I[saac
- Horowitz promises to yield rooustnass witnout identification. S
Tnis tneory has been successfglly applied to a number of ;fﬂ
difficult problems[l,2.3,4].iQFT inherently includes ?iﬁ
~ uncertainty and control system failures within the design ;éé

procedure. One a priori designs for acceptable system
responses with uncertainty and failures, waking QFT we'll

- : Y.

suitasd for designing aircraft fliz-: coreral svetzmz, Tnic »




thesis uses QFT in the design of a flight control system for

a future Air Force Short-Take-Off-and-Landing(STOL)
experimental aircraft,The aircraft nas additional control
surfaces not found on current aircraft. Hence it provides an

excellent platform for demonstrating reconfigureable flignt

control system design. <.-

The remainder of chapter one provides additional Qéz
packground information, sets the scope of the problem, lists g&g
tne assumptions made, and outlines the approach used. Eﬁi

-
[.1 Background .;?

The Air Force Flight Dynamics Laboratory is currently
investigating the development of reconfigurable flight
control systems. The primary goals are better reliability,
majntainability, survivability , simplicity, and reduced life
cycle costs[5].

a. Relijability, maintainability, and economy will be
enhanced by the use of simpler, smaller, and less redundant
control system components. [dentical components simplify
daintainance problems by reducing the variety of parts
required in inventory. Training and maintainance problems are
reduced since personnel have to remembper less apout each
system due to system simplicity. Larger numoers of each
particular servo could reduce costs from economies of scale.

b. The existence of functionally redundant control
surfaces on the airframe reduces the sensitivity of the

control system to the loss of surfaces. The dependancy of

aircraft flight control on any one surface is reduced. This




ol

s

u:-:‘

leads to increased survivability in the event of damage. N
c. Many current aircraft have large control surfaces driven ol
by redundant, expensive actuators. Less complex actuators $
Lo
promise to reduce procurement costs and maintenance of flight ORG
o3

control systems. The current complex actuators driving Pt
critical control surfaces must withstand multiple failures :ig
and still function. Such actuators are expensive and i;?
gifficult to maintain. It is estimated that simpler control ;i"
actuators may decrease the life cycle cost(LCC) of the flight L0
control system(FCS) by 30 percent[5]. Flignt control surfaces aﬂﬁ
utilized in tnis thesis include: :Q?
L

a. Canard i
b. Stabilator sz%

c. Ailerons

N

/’

(Y

d. Thrust reversing vanes

' o
"y

Re
As previously noted, QFT is inherently suited to design ;zs
flight control systems for reconfigurable aircraft. In QFT n;?
the uncertainties and failures are considered beforehand, and 2?3
the adesign acnieves the desired response. QFT also allows tne Ega
desiyner to see clearly tne trade-offs between the extent of E;j
tne resulting plant uncertainties, the narrowness of the ..;
performance tolerances, and the resultingy bandwidth( the z;;j
"cost of feedback"). For instance, certain flignt conditions i::
and failure sets may lead to compensation elements with ;%5
unrealistically large bandwidths. QFT allows the designer to Eig
identify these problems at the beginning of the design cycle. FQQ
S:%

; &

..........................
-------------------------




QFT employs well developed frequency domain design techniques
that are simple to apply and give the designer a "feel" for

the problem and its trade-offs,

[.2 Problem

The focus of this thesis is applying QFT to design a
reconfigurable aircraft control system. Performance
tolerances on two longitudnal outputs must oe satisfied over
a ranye of flight conditions including multiple control

surface failures. Possipnle operating conditions are:

a. All surfaces operating normally.

b. Canard failed, fixed at trim position.

c. Ailerons rtailed, fixed at trim position.
d. Elevators failed, fixed at trim position.
e. Thrust vectoring failed, fixed at trim,

f. Combinations of the above.

[.3 Assumptions

The assumptions made in this thesis include:

a. The aircraft equations of motion can be linearized
about an equiliorium(trim) position so that

small perturpation mnodels are valid.

bp. Commanas and aircraft responses do not invalidate tne
assumed linear mogel.

€. Mass remains constant during the command seqguence.

d. The control surfaces failures are assumed

symmetrical. This eliminates any cross coupling into
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lateral modes. Tnis thesis does not investigate
£ross coupling because there are already 7 control

surfaces in the model( canard, ailerons, stabilator,

SR T TR T AR RN

top and bottom vane pair), Without this constraint the

problem would be beyond the scope of a single thesis.
Arnold{1] has applied QFT for the design of a
reconfiqurable FCS with cross coupling,

f. Actuator models gJiven by McDonnell Douglas are
assuned for tne QFT design. They are third order for
tne canards, ailerons, and stabilators, and first

order for tne tnrust reversing vanes.

These assumptions, as well as others introduced later,
are explained in the body of the tnesis. An additional
assumption is that the reader is familiar with state-space
representaion of dynamic systems, frequency response
characteristics, transfer functions, matrix representations,

and matrix algebra.

1.4 Design Qutline

The folowing steps outline the control system design

process used in this thesis:

d. The control structure and variables are defined.

0. Plant matrices are derived from aerodynamic
gata., Tnese watrices are deriveu at eacn flight
condition and failure case.

¢. Transfer functions relating each of the five

inputs to each of the two outputs are derived




from the plant matrices.
d. The ten individual transfer functions P are
, iJ
- combined into an equivalent two input and two

". “..-'A"“'J 'I '/"';‘r PR
)

output plant transfer function matrix,

e

P =1[p ], by combining the individual surfaces
ij
through the use of a weighting vector & . This

el
SR

T oo, s
ST [

vector is originally chosen to divide the

control authority among the surfaces in a set

percentage. Tne resulting non-minimum pnase
plants can lead to instability using QFT, so
the A vector is modified such that the
resulting P are minimun phase.

e. Reconfigurable terms Fﬁ- are developed to make
the plant matrix diagonally dominant. Diagonally
dominant systems exhibit less cross coupling

between channels which result in decreased

..‘ ". r.' "' "'_‘A"'T'f’. ‘r' .r. .'n\:/.',l.“n', T — . ‘...'

loop transmissiom bandwidths. The f&ij also
increases robustness under failures by feeding
command authority normally reserved for one
control channel into the other in case of a

failure.

. i e e e v

f. The resulting plant matrices are inverted,

' -1

P =_p* j,tnen eacn individual element inverted,
1

to form the Y matrix, wnere

g=ca 1= 1/p* 1. (1.4-1)
ij ij

g. Aircraft time domain performance specifications

Rl
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are converted into eguivalent frequency domain EL

eSS PERTT

'd

- specifications,

t4

! . h. QFT converts the multiple input-multiple
- output(MIMO) synthesis problem into equivalent
; SISO synthesis problems. These are solved,
l resulting in loop compensation for the system.
g. The design is simulated and results analyzed
over the design range of flight conditions and
. failures. Control surface deflections and rates

are examined to ensure acceptapnle limits.

[.2 Tnesis Presentation

Tnis tnesis is organized into six chapters. Chapter [ is
the introduction. Cnapter Il develops the control structure
and develops the equivalent plant matrices from the aircraft
. ""‘ equations of motion. In Chapter III, QFT for SISO systems is
. explained, as well as the development of the equivalent SISO
- systems from the original MIMO system and reconfiguration
. theory. Chapter IV applies QFT to the problem at hand,
developing compensators and prefilters for the control

system. The system is simulated in Chapter V to determine how

W

well the design satisfies the desired performance
specifications. Chapter VI contains the results, conclusions,
and recommendations.

.
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II- Derivation of Aircraft Transfer Functions and

Control Structure from Aerodynamic Data

II.1 Introduction

This chapter develops the aircraft transfer functions
needed in QFT design. The aerodynamic data is used to develop
aircraft equations of motion around an equilibrium point.
These equations of motion are then arranged in state equation
format, and are then transformed to the complex frequency
domain to form transfer functions relating each input to each
output. Tne individual transfer functions are then grouped to
form an equivalent two input-two output plant matrix. In the
process weightiny factors are introduced. These are chosen to
maximize tne ratios of tne diagonal elements of the plant
matrix to its off-diagonal elements(ensure diagonal

dominance).

[1.2 Aircraft

The aircraft that forms the basis for this thesis effort
is the Short-Takeoff-and-Landing(STOL) F-15 currently under
development by McDonnell Douglas{6]. Figure II.2-1 is a
diagram of the proposed aircraft. This aircraft, derived from
the F-15 Eagle air superiority fighter, incorporates two
dimensional tnrust vectoring vanes, thrust reversing vanes,
and a forward canard. Tne original purpose for the extra

control surfaces is to provide extra force and moment

10
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Fig.I1I.2-1: F-15 STOL Aircraft

production for STOL operation. However, these same extra

o control surfaces promise to provide redundant control under . t?j
= failure conditions. Basic specifications for the STOL F-15 o
! aircraft are in Table I11.2-1. Appendix A contains the i;i
- - B

~ A aerodynamic data used to develooe the state space models. A
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TABLE II1.2-1

STOL F-15 Aircraft Data

Aircraft Parameters

Wing Mean Aerodynamic Cord ¢ 15.8 ft

Wing Reference Area

Wing Span
Weight
[xx

lyy

lzz

Ixz

S 608 sq-ft
b 42.7 ft
W 33576 1bs

23634 slug-sq-ft
181837 slug-sq-ft
199674 slug-sq-ft
-3086 slug-sq-ft

11

.3 Aerodynamic Model

The equation of motion for the aircraft are written in

the aerodynamic data.

state matix format, with the

individual elements derived from

This format is:

A Y ety
) ’ ,-',' J
'l' l‘-".l.<

»
3
b,
L._‘--

x = Ax + Bu (2.3-1a)
T
y=Lx+ 0u (2.3-1b)
gt
where Ty
x is the state vector R
. . -
A is the plant matrix L
B is the forcing function matrix o
y is the output vector é?%
. . . —
u is the forcing function vector -
e
12 {
==
o
N
-
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is the outpyt matrix

D is the feedforward matrix

The elements of the A and B matrices are derived from
the aerodynamic data in Appendix A. The C matrix is chosen to
output the desired quantities while D is equal to 0, the null
matrix. The data provided by McDonnell Douglas, which is
defined in terms of the body axis, is converted to the

stapility axis. Tnis conversion is done to facilitate

analysis of the state space model by other thesis students using

this aircaft poth in the longitudnal and lateral directions.
Since this thesis concerns only the longitudnal equations QFT
will give a stable design in either axis system.

This thesis investigates only the longitudinal equations
of motion for the aircraft. The modei used consists of four
states: the forward velocity, v, the pitch rate, q, the angle
of attack, o , and the pitch angle,® . Initially the outputs
chosen were the forward velocity, and the flight path angle,Y.
Thexre are two longitudinal varijables one would like to
control, especially while landing. The state and output

equations are then:
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The components of the A and B matrices are stability
~ oA derivatives generated by linearizing the actual non-linear
. aircraft equations of motion about an equilibrium point.
Entries in C are chosen to give the desired outputs.

- 0f the various control surfaces on the STOL F-15 the
- following are used in this thesis:

a. Canard

b. Stabilator

c. Ailerons

d. Top reversing vanes

= e. Bottom reversing vanes

The flaps are not used since they only deflect downward. If
they are used it is very likely that upward flap deflection
would at times be demanded. Since this is impossible, a

nonlinearity would result compounding the control problem. In

this initial investigation it is desired to avoid such ié}
problems, so the flaps are excluded from the reconfigurable o
controller. However, in the actual aircraft design the flaps
should be included as another possible useful surface

in case of failure. The 2-D nozzles are not included since e
the stability derivatives required in the B matrix are not l
known at the time of this work. Appendix B details the state

", space model and the data involved. '3?

Using the Computer-Aided-Design(CAD) package TOTAL[7],
> the transfer functions relating each input to each output are
calculated. These are the original plant transfer functions

Lo that are combined to form the equivalent symmetrical plant




matrix(inputs = outputs) required for QFT. For the design in
this thesis the plant matrix is 2 X 2. The signal flow graph
relating the surface deflections to the aircraft responses is
shown in Figure I1.3-1. Assuming that the transfer functions
do exist from each control surface to each output, the

transfer function matrix representation of this relationship is:

O

A S B‘
(1} h N
A 6zz %\ 0¥
& S
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Fig.II1.3-1: Basic STOL Plant Signal Flow Graph
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where
- 3 is the canard deflection
3c is the stabilator deflection
35 is the aileron deflection
36 is the top vane deflection
3tv is the bottom vane deflection
vbv is output 1, forward velocity

4 is output 2, flight path angle
As is seen later on the output vector had to be changed to
forward velocity and angle of attack, but still with the same
matrix structure.
The plant transfer function, P relates the ith output
to the jth input. It is assumed th;% each control surface is
driven by a servomechanism with a transfer function of M

i
such that

AA

P P ] (2.3-5)
Jj ij i i ij i

vhere s is the command input to the servo. The input-

i
output relationship now becomes

é.

P P p P p é,

14 11 12 13 14 15 o
= &, (2.3-6)

v P P p P P 8,

21 22 23 24 25 R

Since two outputs are being controlled by two inputs througn
five separate control surfaces, there are many possible ways
avdilable for dividing the control effort between the

surfaces. From preliminary discussions with personnel from

the Air Force Flight Dynamics Laboratory(8] it was decided
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that the control of the flight path angle would come
primarily from the canard, stabilator, and ailerons while the
reversing vanes(top and bottom) would provide the forward
velocity control. A variable z;_is used to determine how much
control authority is granted to1the ith surface to control
its respective output. This term does not have to be a
constant, it could contain terms to compensate for the
frequency response of the surface it weights. Next, the ¢
coefficients are another variable transfer function in the
forward path that combdine with the gy terms to provide the
cross couplinyg required for robust control under surface
failures and disturpance rejection for the aircraft under no-
fail conditions. These terms can also be functions of
frequency to correct for differences between control
surfaces. Figure [1.3-2 is the configuration of the plant and
the control structure previously assumed. The equations
relating the equivalent 2 X 2 plant to the individual control
surface transfer functions are

P' = o(AP +AP +AP +AP + AP

11 1 11 11 1212 13 13 14 14 15 15

+ u (AP +AP +AP +AP +AP ) (2.3-7a)
21 21 11 22 12 23 13 24 14 25 15

P = o(AP +AP +AP +AP +A°P
12 2 2111 22 12 23 13 24 14 25 15

+u (AP +AP +AP +AP +AP ) (2.3-7b)
12 11 11 1212 13 13 14 14 15 15

Pl = g (AP +AP +AP +AP +AP
21 1 11 21 12 22 13 23 14 24 15 25

+u (AP +AP +AP +AP +AP ) (2.3-7¢)
21 21 21 22 22 23 23 24 24 25 25
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Fig.I1.3-2: General Plant Structure

P' = g{(AP +AP +AP +AP +AP )
22 2 21 21 22 22 23 23 24 24 25 25

+u (AP +AP +AP +AP +AP ) (2.3-7d)
12 11 21 12 22 13 23 14 24 15 25

This is quite a complicated system, especially if A, o
ij i

and u are actually A (jw), o (jw), and 4 (jw). The best
iJ ij i id
choice for the A's, ¢'s, and u's constitute an

optimization problem beyond the scope of this masters thesis
which is primarily dedicated to the reconfigurability
synthesis problem. In order to simplify these relations to
nrovide a better "feel" to the designer on how best to pick
and choose thne respective weighting terms, the ¢ terms are
set equal to unity, the A's are reduced to five in all -
set in tne main forward path for the dominant variable each
set of surfaces is primarily controlling. A » A

2
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N and A are in the forward path for the flight path angle
A 3
channel while A ,and A are in the velocity channel. This
-, .::'h:. 4 5
p - simplified control scheme is shown in Figure I11.3-3. Some
% freedom is of course lost by doing this, but the design
process and assignment of the intermediate plant transfer
functions(see below) are facilitated.
The equivalent plant transfer functions now become
P'' = AP + AP + AP + u( AP + AP ) (2.3-8a)
11 1 11 2 12 313 21 4 14 5 15
P'" = AP + AP + y( AP +AP +AP ) (2.3-8b)
12 4 14 5 15 12 1 11 2 12 3 13
P'' = AP + AP + AP + u( AP + AP ) (2.3-8c)
21 1 21 2 22 3 23 21 4 24 5 25
P'' = AP + AP + y( AP +AP + AP ) (2.3-8d)
22 4 24 5 25 12 121 2 22 3 23
Intermediate plant transfer functions in the parenthesis
y_
are defined as follows:
P = AP + AP + AP (2.3-9a)
11 1 11 2 12 313
P = AP + AP (2.3-9b)
- 12 4 14 5 15
o P = AP + AP + AP (2.3-9c)
K 21 1 21 2 22 3 23
’ P = AP + AP (2.3-9d)
22 4 24 5 25
: These equations are substituted into equations 2.3-8a-d to
yield: - ~
P' = P +u P (2.3-10a)
11 11 21 12
PP = P +u P (2.3-10b)
12 12 12 11
S P s T +pu® (2.3-10c)
~ 21 21 21 22
>
I~
\_
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Fig.I1.3-3: Simplified Plant Structure

—~

P'' = P +u P (2.3-10d)
22 22 12 21

The entire control structure with the feedback loops in place
is in Fiqure [I.3-4. The f and g elements are prefilters
ii i

and loop compensators respectively to be designed by QFT.

The QFT design process is discussed in Chapter 3.
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- ITI. QFT Theory

I11I.1 Introduction

Most control system design techniques currently used
design for a specific set of outputs given a particular
system model. The designer hopes that in the process enough
robustnass has been built in to the design that it will
tolerate some plant variations, failures, noise, and other
types of uncertainty. If the first desiyn is not
satisfactory, the designer goes back and increases the gain,
moves a pole, changes the weighting matrix, or possibiy a
combination of these things in order to arrive at a
satisfactory design. Quantitative Feedback Theory(QFT),
developed by Dr. Isaac Horowitz, allows the designer to put
in the uncertainties a priori, and results in a design
guaranteed to meet the system specifications. QFT has many

advantages, including:

a. Uncertainties are included at the outset, resulting
in a robust design.

b. Frequency domain design techniques, which are well
developed and understood, are used.

c. Complicated multiple-input multiple-output
systems(MIMO) are reduced to a set of single-input

single-output systems(SIS0) which simplifies the

4
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design process. 20
Y

d. The design process is transparent, that is, it g{}
.~

allows the designer to see exactly what "the cost of F'4
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feedback"(required loop transmission bandwidth) is

_ for the range of uncertainties chosen. A problem

which requires unrealistic compensation will be

apparent from the outset of the design.

This chapter is broken into four separate parts. The
introduction, QFT SISO system design technige, MIMO reduction
into equivalent SISO systems, and the application of
reconfigurabplity. For a much more indeptn treatment the

reader is urged to study the references[ 9, 10, 11, 12 13,14 .

I11.2 QFT SISO Design Technigque

a. Qverview

In order to develop QFT, a specific SISO structure used
in this thesis is introduced. Next the system time domain
specifications are translated into frequency domain
specifications. The plant model and system specifications
define the bounds of the system at every specific frequency
value of interest. Uncertainties in the plant P at each
frequency of interest are represented by an area on the
Nichol's chart known as the plant template. Using the plant
templates and system specifications, bounds on the nominal

loop transmission L are derived. An L 1is then designed

0 )
that satisfies the bounds. From the L a loop compensator G
0
is determined, i.e.
G =L /P (3.2.a-1)
0 0
23
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where P is the nominal plant transfer function chosen.
) 0
YAty A prefiTter, F, is then designed to give the required
tracking specifications over the range of plant

uncertainties.

P

b. SISO Svstem Definition

The system type that this thesis is concerned with is
the two-degree of freedom structure in Figure [I1.2-1. In
I this thesis the disturbance is assumed to appear at the input
of the plant rather than at the output. It is also assumed

tnat the plant P has a known range of uncertainties, that the

Bt et te

o tracking input r(t), disturbance input d(t), and the output

ol

y(t) are given. Here y(t) is actually a member of the set of
acceptable output responces Y(t). The signal x(t) is the
. ~. plant input such that y(t) = x(t) * p(t).
| It is assumed that r(t) and y(t) are measureable, the
output y(t) is fed back, and that Laplace transforms exist
' for every signal and system element present. For the two-
degree-of-freedom structure the designer has to design two

compensation elements, the prefilter F, and the loop

compensator G. In terms of the lcop transmission L = P G ,
four separate transfer functions can be defined to describe L
the behavior of the system. The responses due to the command 233
; input and disturbance input are: E;ﬂ
y = [FGP/(I + GP) ]r = [FL/(I + L)] r (3.2-1) gﬁ}
o AR
ﬁii
N Xd = [P/(l + GP)] d = [P/(l + L)] d (3.2-2) ihq
s
2
o
LY
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Fig.III.2-1: Two Degree of Freedom Structure

. L The transfer functions relating the plant input to command

and disturbance inputs are respectively:

“." I
. oA ‘- 'l . .
—
1
i
H

X(s)/R(s) FG/(1 + L) (3.2-3)
- I = X(s)/D(s) = 1/(1 + L) (3.2-4) o
- d .
= This thesis uses only the output equations to develop the }:2
- -
y loop compensations. The internal variables are ignored in S
\_' ":'-,1
o this respect. This is not to say that the internal variables o
tgf are not important. Some, such as control surface deflections “:J
B ¢
e or rates, can be critical. Quantitative methods exist to deal S
. - ...
- with the internal variables, but they are beyond the scope of )
ﬁé tnis thesis{ 15 ]. Internal variables{such as the control %;g
. surface deflections) are checked at the end of the design to -
po. o
b 25
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o

make sure that limits have not been éxceeded. If they have,

o the designer must revaluate the problem, make appropriate ‘52.
,j = changes, and begin again. ? 4
X 3
! AL
Eﬁ c. System Specifications ;%”
.‘ System specifications can be given in the time domain, ﬁj:
zi such as rise time, settling time, overshoot, peak time, and 53*
'? final value, or they can be expressed in the frequency j?
domain, such as bandwidth, DC gain, resonant frequency, phase Zt'
Ef margin, and gain margin. Which domain they are given in does i?
- not matter since they can always be transposed to the other. Eii
N Typical time response curves are shown in Figure III.2-2. The Ea
faster rising, underdamped response has a higher oandwidth fﬁ?

E and is known as the upper bound T . The overdamped response
2 has a lower bandwidth so it is kngwn as the lower bound T . éi
g . The disturbance, d , is shown at its maximum allowable va%ue. ;ﬁf
hf These same specifications, now expressed in the frequency Eﬁ
ﬁi domain, are in Figure [I[.2-3 . The upper and lower bounds “i:
are evident as is the "typical" disturbance rejection shape ;ﬂ
Ef of d(jw) . However the specifications are displayed, the iﬁ
éé range between the bounds reflects the uncertainty in the gi}
h output which leads to an acceptable response. )
f, The time response of a desired output variadle of a :i{
‘ control system is very rarely a single function, ratner a set i&
of functions is specified tnat meet tne given response i;
specifications. f
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Fig.II1.2-2: Time Domain Responses
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d. Derivation of Plant Templates

In QFT contraints on the free functions F, G are found
so that the specifications are satisfied. The great advantage
of frequency response is pointwise synthesis-the constraints
are found pointwise at each w value. The set of all
possible plants P(jw) at a specified frequency w form an area
on the log-magnitude/ phase angle chart, the Nich;1's
Chart(N.C.), Figure III.2-4. In this respect it matters not
whether the plant has one state or a thousand. This means
that for the frequency in question all possible plant phasors

lTie within this area. The size and shape of the area, known

as the plant template,is a function of frequency. It is

assumed that the plant does not have any RHP zeros(non-
minimum phase zeros). RHP zeros limit the maximum loop
bandwidth which can be used in design, and the bandwidth is
the factor which QFT manipulates to yield a design that meets
system performance tolerances. Normally, the plant templates
start out as a vertical line at DC, fatten out as the
frequency increases, then converge to a vertical line asw—oo,
The height(in decibels) of this line is given by the high
frequency gain uncertainty.

Figure I11.2-5 shows various nlant templates as a
function of frequency for some simple plant. The shape is not
typical, it could have been an amorphous blob, or even
several disjoint areas. However for design purposes any
separate areas should be combined into a single area. In
order to draw the plant template at any ¢J_simp1y connect the

i
periphery plant points to create an area on the Nichol's

............................................................
..................................................




chart., This area is tne template.
n A AR TSN T S e
w LA X S K = S R Q.
H] 7’@4 "9y Ay ", g, ,>< \ ::
" CRRA. AR | e ay "
n —F &% 3 3 " )< 2 b
" — P B u_'r“ 1~ f 17 Y "
" i T o8 S X
" SNt SN !
n .4/\’6 - ,‘"./ f \\ 1 S
" LR ? j " |
117 3 : ; SIS L
' 10 0:Va % s \ 2]
' IR SRR : MR | L5
MNiiiififarr O a%E i YA SNl -
. 2. '\ ] g R \ . .-._:.):
’ 1 S 5 e L | S
! T s W8 2 auun
-4 7- ..‘r PC '-_‘_ U Wi -4 :...‘.1
-4 v :.q + -4 .v{.-j
-8 ;’Lﬁ ..|‘0‘ ‘ 4 - 1
-0 7 — “', { -
RY) Ins .""’ et = s 4 41
" vy = : J,?.}ri F "
ol i T R ST miaaseiny i 1EE‘ET:‘?‘ M
- .". i ] gl &5 ls 2% ¢ & idl: ;_‘l _.=r \ WAEAMRUEIE ;'
p o LT i i T
__-::_“ -n -3 [ ‘ |“ - g
’ -2 & ' T s
-n * i I o]
e ) T o
-0 ‘ # Rty
] 1" [Tt N
= ® ® g =2 ® & = = = T & = 2 8§88 & =+ = 1
:iﬁ
Fig. III.2-4: Nichol's Chart el
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o Tad
ﬁ; Templates should be drawn approximately at every octave é;:
to give enough bounds for proper design. It is convenient A}i
that once all the templates are drawn on the N.C. they are ;ﬁ
transfered onto clear plastic sheets and cut out. Later on in ;3”
the design process these templates are translated on the e
Nichol's chart to obtain frequency bounds for both fﬁ
disturbance rejection and tracking responses. From these E}'

-
e

pounds a nominal loop transfer function is derived.
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Fig. II1.2-5: Typical Plant Templates ' 2
e. Use of the Nichol's Chart ;EE

Quantitative Feedback Theory relies on the Nichol's ;Tf

Chart to design the loop compensators and prefilters required _i_
to meet the specifications for a unity feedback system. By EZ;
plotting the frequency response data for the open-loo0p g~
transmission function L on the N.C. the closed-loop frequency ;i
response L/(1 + L) is known. That is, the frequency response fa
2 data for the open loop is plotted using the rectangular grid i;
. N
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having magnitude and phase markings outside the chart. Thus
from the intersection of L(jw) with the M contours on the
N.C. yield data points to plot the closed loop response as a

function of frequency.

f. Nominal Plant

g
N
In order to arrive at compensation, a nominal plant P 311
0 k:_‘.
is chosen from all the possible plants. This plant is used to e
PR
develop the loop compensation G from the shaped loop transfer

R .
e
""4‘11.4

function L , where G = L /P . This plant should be stable (if
0 0o o
possible) and should lie on the lower left hand side of the

plant template. This location results in loop bounds closer
to the center of the Nichol's chart[i6]. Other nominal plants
result in loop compensators that work as well, but the actual
compensator design process is more difficult because tne
bounds are located farther up on the Nichol's Chart. The
nominal loop transmission function L is determined by

)

L =G P , or the compensator using this P is G =L / P
0 0 0 ) 0

g. Derivation of Open Loop Bounds

For both the disturbance rzjection and tracking parts of
a control problem the loop transmission must satisfy certain
bounds such that the specifications are met over the range of
uncertainty. QFT represents these bounds as lines traversing,
or closed contours, on the Nichol's Chart. The loop
transmission must stay above the lines, or stay outside the
closed contours, at each frequency. Two bounds exist for each

frequency, tracking and disturbance rejection, with the loop

31
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transmission greater in magnitude than the highest bound. :\{‘E’
'__ Figure [I1.2-6 is an example of possible bounds. Notice that b

lj'

at w= 1 rad/s the tracking bound, B (jw), is greater than

PO

r
the disturbance rejection bound, B (jw), while at w= 8.0

rad/s this role is reversed.
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At w = 4.0 rad/s the bounds cross. In this case a
i~
composite bound;, B (jw), is constructed out of the higher E_...
A c e

- portions of the two individual bounds. ::':.{j
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To find the bounds it is necessary to ensure that the
o outnut of tne system y satisfies both the disturbance
rejection and trackinyg specifications of Figure [I[.2-3 .
First of all tine maximum allowable value of the closed loop

systam fregquency response M over its opandwidth is

1]
- determined. This numder corresponds to an M contour on tne
§
: N.C. . Tne closea-loop transmission, M = L/(1l + L) < 1 , is

L m
requiread to stay outside the particular M contour

corresponding to tnhe cnosen M . Tne area enclosed by tne A
mn
contour i35 referred to is the "Forbidden Region". As an
) g

» examnle, in Fiqur2 III1.2-5 the IM lis 5 d8, and the
m

- "Forbidden Region" is enclosed by the IH |= 5 dB contour.
m

The uncertainty in the closed loop response is entirely

due to the nlant since F and G ar2 known. This implies

™.
E taat tne uncartainty in L s the same as P . Tne uncartainty
in toe najnitude of the qutput is:
LaAYidew ) = LatAT(jw ) (3.2-3)
Anare
La AT @, = Lag T sy =~ tag T {Jewjg
J L
= Alag L/(1 + L) (3.2-0)

L nust oe faund sucn thnat T(jew ) remains witnin the
acceptable range of Figure [II1.2-3. To ensure this the plang
temolata 1t each frequency is first 2laced on the Nichaol's
Chart{ramemnher tnat the n2lant template resrasents the range

o of uncertainty of the 2lants at any jiven freauancy). Thus

- 3 L3 - - g "t et e, - ™ . - - Y
SR N T S I LI L I S e I
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since Lm[ L ] =tn[ P ] +Lm[ G ], Ang[ L ] = Ang[-G ] +

Ang[ P ], and 6 is LTI, then the template can be translated

vertically and horizontally to determine the bounds that

13
L4

ensure tnat the performance specifications are met. The

N !
0] llﬁ'l ',l
Ay

ﬂ
.
.

template,cannot be rotated, only translated. With the

'. ﬁ'

template at an angle marking near tne left hand side of the

N.C., vertically translate tne template up or down until tne

RN

T and T values, tne largest and smallest magnitude M
nax min

contours respectively tnat the template is touching,satisfy
the regquirement:

T
max

T
min

<

T -|r l (3.2-7)
U L

When this requirement is satisfied mark the nominal plant
point aon the N.C., then move over ten degrees and repeat tne
orocess. I[f in this process the template penetrates the M
contour, the temolate naust He translatea on tne H.C. k
until it is out of the contour aven if the tracking 30unas
arz not met. Sinca tae yap Jetwean T (jw) and TL(jnﬂ Jecones

Y
wider as ew—Pao Cais transiation is vertical. At louer

-

requencies tne template can literally "riae" tne upper s

Jortion oTf tne 4 Coatour wnen £nis nappans. At nigner =
A
fraguencies tne difference in ndagynituae cain resuli in Toe

Jound coamplataly anclosing tne 4 contour. Frowm tais sted,
1
the lines representinj tnhe tracking pounas 3 (jew) on L are
r
derived.
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To derive the disturbance bounds the output under
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disturbance is considered. Assuming a disturhance input of d,

the closad-loop output of thne system is:

E
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yd =d P/(1 + L) (3.2-8)

This can pe rearranged until it is of the form

|1+ 0] 2] P/bdl (3.2-9)

where b is the upper bound of the disturbance response.

At thisdpoint the modified Nichol's Chart(MNC) is used

to finish the bound determination. Flip the normal Nichol's
Chart upside down, change the magnitude signs of the open-
loop grids( -24 dB becomes 24 dB) and reverse the open-loop
angle markings(-60° becomes -3002 -170°becomes -1963 etc.).
Now it is possible to design L directly on the MNC with the
superimposed fines now representing the magnitude and phase
of 1/[ 1+ L ]. For disturbance rejection the phase of the
signal does not matter, just the magnitude. This assumes that
the disturbance has the maximum effect at every frequency,
i.e., worst case scenario. Take the plant template and place
it on the MNC. Now translate the template until its lowest
point rests on the contour of constant Lm_ 1 + L ] equal to
-Lm{ D{(jw) ] at that frequency. Shift the nominal point
along the chart as before, recording the bound for the nomial
plant. Repeat this for each template in the plant set. Invert
the chart and translate the B (jw) bounds to the normal

d
Nichol's Chart.

g. Derivation of Loop Transmission

With the bounds in place on the Nichol's chart, the

design of L itself is started. The initial choice of where to ;*4
Y

start depends on a number of factors. If the open-loop plant
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contains an unstable pole this must be included in L . For
steady-state error reduction a Type 1, 2, 3, or more system
could be desired. If so, the proper number of poles at the
origin must be included in L at the onset of design. The
resulting L should barely meet the bound at each frequency to
give minimum bandwidth compensation. If such an L is
achieved, then the system is optimally compensated(with

respect to the performance specifications) A typical L

satisfying a set of typical bounds is shown in Figure [[].2-7.

The actual "shaping" of L is a cut-and-try process where
poles and zeros are added and shifted to conform to the
bounds at each frequency w . Sometimes a complicated bound
structure can result in vely complicated(high order)
compensation. In this case it may be better to use a smaller

order compensator, trading simplicity for a wider bandwidth.

h. Loop Compersation

The compensator G for the nominal plant is determined

as follows:

G =L /P (3.2-10)

i. Prefilter Design

Once the loop compensation has been found the tracking
response must be shifted to give the specified output to a

command input. The prefilter, F, shifts the frequency

36
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response of the closed-loop system({ L/(1 + L) ) until it lies

within the tracking response bounds.
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Place the plant template for a given frequency w on L

i
with the nominal point resting directly over the top of the

Fig.111.2-7: Typical Loop Transmission

corresponding frequency point on L

minimum closed-loop

tm [T
max

lower tracking bounds for the same frequency, tm[ T (jw)]
U

and Lm[ T (jw)] as in Figure II1.2-3. Now defining two
L

quantities:

A

min

=m [T (jw)] - m[ T
U

o]

magnitudes that

37

Record the maximum and

the template touches,

(jw)

max

]

(jw)Jand Ln[ T (jw)]. Next obtain the upper and

(3.2-11)
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and ?EE

I o 8 = n [T ()] -tn(T  (jw)] (3.2-12) ‘

e N

i The response of the prefilter must be such that igi‘

%

N lA(jw) < | F(jw) | < | B(jw) (3.2-13) o

) -
A good way to do this is to make an Lm(e) verses w plot for )
botn A and B, and then chose an Lm [? ] bounded by A and B -

l ( Lm [F] plot lies between A and B). Figure III.2-8 shows £:7

i} one possible design of F given the indicated bounds. This F L?é
is not unique, since any function that does not violate those Eg:

j bounds satisfies them. ?l‘
J. Summary

I - i

: o This completes the description of the QFT design method

f; for compensating SISO plants utilizing output feedback with

i wide plant uncertainty. Using the design technique is :f;

- straightforward without any guesswork. If the design is

;2 followed to the letter, a design guaranteed to meet the gii

: specifications over the range of uncertainty results. Also, _t

L QFT is transparent, allowing the designer to see the trade- [

- offs required for meeting the specifications as the design

ﬂi process procedes, which can eliminate time wasted on tries at ;ﬁ

E- tne compensation of "uncompensatable” plants. éa;
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Fig.111.2-8: Prefilter Frequency Response

I11.3 Reduction of MIMO systems into Equivalent SISO

Systems

In order to use the QFT design technique for MIMO
systems they must first be decomposed into a matrix of SISO
systems. Dr. Horowitz has developed a method to do this
using fixed point theory. This section describes the steps
taken, but not the functional analysis behind it, leaving
that to the reader from references[ 17, 18, 19, 20],

As a further simplification only a 2 X 2 system is examined,

since that is the type of system used in this thesis.

.........

...............
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a. Description of MIMO Plant

The general description of the MIMO input-output

is:

where

o =<

|

y=°Pru

vector of plant outputs

matrix of plant transfer functions

vector of plant inputs

relationship

(3.3-1)

P is derived from eitner the state-space matrices or the

system linear differential equations. The plant has m inputs

and m outputs, i.e., y and u are m X 1 vectors. The plant

uncertainty is bounded with P being a member of all possible

plants{P}. Notice that the input and output dimensions are

the same. With m inputs at most m outputs are independently

controllable.

modified until

For this 2 X 2 system the MIMO compensation structure

shown

it

ism X

in Figure III.3-1

m.

If more than m inputs exist, the system is

is

It consists of the plant matrix P ,

a diagonal loop compensation matrix G , and a prefilter

matrix F .

|©

[[)

------
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P

12

22
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The matrices are of the form:

...............

(3.3-2)

(3.3-3)
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Fig.II1.3-1: MIMO Compensation Block Structure
f f
11 12
F = (3.3-4)
f f
21 22

Figure II1.3-2 1is a more detailed look at the 2 X 2 MIMO
compensated system. In general F can be fully populated;
however, in this thesis the cross coupling terms f and f
are set equal to zero. This is done'sinc; in this égsign thg1
velocity input commands only the velocity output, with the
same tning true of the flignt patn angle. No cross coupling
is desired.

The plant matrix must satisfy a few constraints:

a. P must be invertible. In other words P must not be

singular,
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Fig.III.3-2: MIMU Compensation Signal Flow Grapn

b. The main diagonal terms must dominate as s—e% fOr
all pe { P2, i.e.,

Lim [ o o ]-‘9 D
s—moe | 11 22 12 21

This is raferra2d to as the 4izagonal dominancea

P
ciZnattiugn.,

C. aeneritisn O7T Zguivaient SISC Looos

dita ? gerined and ag2ting tne conditions avovve, tae

invarse or P2, P , 241583, anera

(2.3-09)

A new matrix, 3 , is now introdyceg wita the indiviaual

elements neiag tne inverse of the individual elaments or 2
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q = p;% . These q's are the effective SISO transfer
f&%ctio;g, thus the m X m MIMO problem is transformed into m
SISO systems. Figure I11.3-3 shows these equivalent plants.
The plants have two inputs, one due to tracking and the other
due to a "disturbance" caused by the other SISO loops in the

system(this accounts for the MIMO interactions).

Y,

Fig.II1.3-3: Equivalent SISO Plants of a 2 X 2 MIMOQ
Compensation Structure

d. Equivalent SISO Inputs

As was stated above, the output of each equivalent SISO
system is due to two factors, the command input and the

disturbance, with the disturoance due to loop interaction.

The equivalent disturbances d are given by the equation:
k1

d = - t / (3.3-7)
Z[n qki]
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? e. Loop Design .?%
fi i The MIMO problem begins loop shaping by designing ;Ea
; it first the loop that has the strictest tolerances. 3
§ These can be due to tracking, disturbance rejection, or plant

-% uncertainty. Doing so results in the smallest loop

* transmission bandwidths. Once the decision is made as to

R which loop to shape first, each output of each trénsfer

: function of that row is examined to find out which one places

- tae nigynest oounds on L. From these bounds L is shaped. Tnis

é L is tnen useu to dJdefine a modified 3  for the remaining

; tuopg. Tuis last Toop aesiyn is an exa;l solution, minimizing

3 tne dsanawidtn.

.L f. Summary

o - Designing compensation for a MIMO sytem using QFT &Qi
; raquires that the 4140 system hHe broken down into a set of &f

- aqyivalent SISO nlants, with the interaction in the MIMO gi

ntad 3s disturbance innuts in equivalent SISY i

378T20 raores
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I11.4 Introduction to Reconfigurability Theory

e gmg
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a. Introduction

il

As is seen in Chapter IV, QFT can be used to design R
fixed compensators to meet tolerances in the face of wide j&?

plant parameter uncertainties. In this thesis the plant

uncertainties are due to the range of flight conditions and

of control surface failures. The advantage of fixed
compensators over ones that are scheduled with the failure is

that they don't require failure identification with its

associated time delay. If acceptable performance is possibie,

then there is time for reliable identification after which an ;ﬂ}
"gptimum" compensator can be switched in. This chapter ;:a
develops the QFT method for dealing with the reconfigurable gﬁ%
aspects of the control problem. The available free a4 terms éfg

3

of Chapter Il are chosen so that the healthy aircraft is

-

basically non-interacting(BNIA), i.e., the off diagonal terms
are much less in magnitude than the diagonal terms. From the

theory an equivalent MIMO plant matrix is developed that is

R R R
. ‘o'., 7. .
AN AT A
L ettt

o Ll 5

used in Chapter IV.

e
-t

- e

p. Reconfigurable System Model K2
.q: 3
The feedback control structure is shown in Figure ;Hﬂ
Y
I11.4-1 . The plant: P  are the constituent surface R
i) ¥t
)
45 o
@
e Ry e L e e e e T e T e e e S e e




Fig.III.4-1: Reconfigurable Plant Structure

deflection vs. output transfer functions from Chapter II. The

objective is to design the system such that there is as

little interaction as possible between the loops for the

healthy(no failure) aircraft, but also allowing cross coupling

e
.
Y v

during failures which results in a redistribution of the

L
S

P AT )

RN
L

remaining control authority. The p are chosen to give this
J
type of interaction. From Figure I11.4-1, the equivalent
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plant matrix is:

e
WL

Pl PI

11 12
p' = (3.4-1)
Pl PI
21 22

Y
L

]
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where

Pr = P + u P (3.4-2a)
11 11 21 12

Pt = P + u P (3.4-2b)
12 12 12 11

PP = P o+ 4 P (3.4-2¢)
21 21 21 22

P' = P + m P (3.4-2d)
22 22 12 21

c. Choice of Weighting Factors

For an ideal non-interacting system, it is desired that

P =P' =20 (3.4-3)
21 12
requiring
w = -pP /P (3.4-4a)
2 12 11
= - p P 3.4-4b
2 21 ! 22 ( )

These um's in general are functions of frequency since in the
majority of systems each Pt. has its own set of poles, or at
least, zeros. An exact “'TJmay not always be the best
solution, especially when1%he denominator terms in equations
(3.4-4a,b) contain non-minimum phase(right half plane) zeros.
In this case the appropriate m contains an unstable pole,
and requires an exact cancellation to keep the system
response stable. Since exact cancellation is impossiple in

reality, this choice of u <can cause problems. In this case

47
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a minimum phase u that will diminish the cross terms as
mucn as possible is required - not perfect, but practical.
Note that under failure conditions equations 3.4-4a,b are no
longer valid, i.e., since the u terms are derived for a
particular no-failure plant, failures will change those
plants, eliminating the cancellation. This causes the plant
matrix to contain non-zero off diagonal terms. These off
diagonal terms lead to loop interaction which allows control
surfaces in the "healthy" loop to assist in control of the

loop containing the failed surface(s).

IT1.5 Summary

Chapter III presents an overview of QFT as used in this
thesis. Rigorous mathematics are not used, rather a more
informal approach, explaination with words, is used to give
the reader some idea of the power and the procedures of QFT.
In Chapter IV more of the exact equations are introduced when
used. If the reader wishes to delve deeper into the

background behind QFT he is encouraged to read the references

listed in the bibliography.
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IV. Compensator Design

IV.l Introduction

This cnanter uses QFT to design the necessary

compensation, ¢ , ¢ , f , and f , such that the design
1 2 11 22

snecifications are satisfied at tne three flight conditions for a
set ¢f oessivie failures. Tne eguivalent plant matricies are
cevaeloped Tirst. Frog tnese matrices tne ¢ matrices are
GualiL. weil the AUn controui cnanrel is cveveloped usinyg SISO
gesign tecanigu2s, Taen using information found aurin. the dgesign
of the AUR Cnannel, tne second cnannel design is completea.
0 4ive tne proper tracking response, tine prefilters are tnen
uevelopeo using fTrequency response data of each loop
transmission function. During tne design process it is notec
that problems occur due to the aircraft's configuration. The
oroblems stem from tne non-minimum phase characteristics of
the fiignt pnetn angle responses. These problems lead to a re-
evaluation of tne control system, and a suggestion to ease
tne apnplication of QFT to MIMO systems with non-minimum phase
terms and/or unstable open-loop poles. From the steps taken a
plant emerjes tnat is amenable to QFT design techniques. It

is snown tnat certain failures can be tolerated while others S

,_
PO AR

leaag to plant matricies for wnich the QFT technique cannot be

.
-
et
.

b YRR

appiiea. Fur such plants a modification of the QFT technique
has veen developed to acnieve an acceptable system design for R

such plants, but doing this is beyond the scope of tnis

thesis{11].
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[V.2 Plant Equations

The first step to design compensators for the control
problem at hand is to construct the equivalent plant
matricies, P' , from which the g matricies are obtained.
These plant matrices are developed from the state eguation
models in Appendix B. Initially.the transfer functions
relating surface deflections to outputs are usad to construct
plant matrices as is done in Chapter II. From these transfer
fuactions, proper ;m to satisfy BNIA system requiraments are
fquna. Usiny tne ,&T{and tne plant matrices, anotner set of
equivalent matricestith reconfigurability "built in" are
designed. Next various surfaces ara failed and new plant
matricas are developed at each failure condition. Each matrix
requires examination to determine whether it can be used in
the QFT design process, or whetner it contains non-minimum
pnhase terms which cause that particular flight condition/failure
not to be included in the plant set. The equivalent plant
matrices are inverted and the equivalent SISO systems are
jevelop2d. For tnese eguivalent SISO systems, freauency
r2sponse osounds at each freguency ar2 usec to Jascrione tae
uncartainty in tae plant. Tnis uncartainty results in araas
an the Nicnols ¢nart witnhin wnich +tae plant lias at 2aca
fr2gquency. Using taese ar=2as and Jounas consctructad «4in
2itn2r tracking or disturpance® rzjection criteria {(wnicnever

Jidce2s siricter reguireaments on tne loop transaission, i.2.,

(ol

star Sunawiitn | which is a "cost of feedback”. A Toop
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minimizes loop bandwidth is then designed. From this loop
transmission, the required compensation g is constructed.
Prefilters f are built such that the tr;cking response
meets the pe;}orman;e specifications in the frequency démain,
and thus the time domain specifications are also satisfied.
Two condidtions must be satisfied such that the design
specifications are guarantged to be met.
a. The inverse of the equivalent plant P' must exist.
This is a controllability condition and must be
satisfied for each flight condition and failure
case. Thus the determinant of the plant cannot
" be allowed to become zero.

b. The second condition, the diagonal dominance

condition, requires that

1im [lo Q l/lo Q ]>1 (4.2-1)
s—w L] 11 220 1712 21

This must be satisfied for each P € {P} and all
frequencies w greater than some frequency w ,

i
wherever the quantity Il + LI >1 , where L is the

loop transmission function,

From the state space models in Appendix B transfer
functions relating each control surface input to each output
are generated using the Computer Aided Design(CAD) package
TOTAL[ 7 ]J. The resulting transfer functions are in Appendix C.
The relationship between the flight path angle, pitch angle,

and angle of attack to the jth control surface input is

y(s)/ 8(s) = 6(s)/ & (s) - a(s)/8(s) (4.2-2)

51
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The actual flight path equations are developed directly from
the state space representation by modification of the C
matrix. The aircraft has three stable and one unstable root
for the three flight conditions. A listing of these roots is
given in Table IV.2-1. Note that the airplane becomes more
unstable as forward velocity increases, with one short period
root moving out along tha real axis and the pnugoid roots
dprodcning tne imaginary axis. Upen-lo0p instaoility is n;; a
Jrudiem for yFT since a stable clused-loop system is
gevelvpea innerantly >,y tine design tecnanique.

Alilost Tameuiately a4 proolen arose in tne design
procass. Tne surraca to fliynt pata angle transfar functions
are all non-mininum 2nase, naving at least two zeros in thne
RHP. These transfar functions always resulted in a aon-
ninimun ahase{nmnp; 2quivalent olant matrix. The sensitivity
raduction nronertias of a amp plant is inherently limited, so
it mav “e imoossizle to achieve the desired nerformance. One
could nroc2ea using the "Singular G" ctecanique for nmg
olants 117, dut tne result may he that a fixaed LTI{linear,
tiae favariant] comoensator cannudl 3anGi2 ae dng2rtgiaty
ranja. Anotaer way of looking at tnis is tnat tine gain cannot
Je¢ Incrzased Tou auch since an open=-1vop 20le wiil nijgrata o
tne My zary causiag instasility. From wiscussions witn Dr.
dorowitz, tne decision wds Adaue Lo continue the analysis
using 4 Jifferent outgut varianle otaer than rlignt patn
anjle to controi, whicn woulyd nopefully provide a nmp plant

determinant. It is determinea that the anjle Of attac« always
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has minimum phase transfer functions. Thus the output E%J
N
variables <chosen are the velocity and the angle of attack Eg%
rather than the velocity and flight path angle. This is not ;:;
ideal for aircraft landing control; however, it does have the $§§
advantage of guaranteeing beforehand that a design does exist %E‘
. whicn satisfied the specifications over the range of
b~

uncertainty. No sucn quarantees can be made apriori for nmp

"4

e plants.

TABLE IV.c2-1

- tijanvalues of the Open Loop System

tor tne Toaree Flijnt Conuitions

Flignt Conaition 1l:{Sea Level 100 kts)

s = 0.2340
® s = -0.01397 + j0.2508
' s = -1.548
rlignt Condition 2:{Sea Lavel 120 X«ts)
s = 0.3351
s = -0.01104 + 32.2931
s = -1,379
Fligynt Condition 3:{Sea Lavel 133 kts)
< = 3.,1gd3
S -.30323%0 + J2.1084
5 = ~2.330

Tae nexs step is to cnose wnicn control surfacas ara
Ty @xecdte tae priaary control ovaer anicn variaonle. Tnis 1is
dune Oy  cadwIning tng wajnitude o7 tne freguency response for
eaca transfer function, ana cnoosing the dowminant control

surface of 2d4cn output as tnat control wnicn has tne wost
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effect upon that variable. The stabilators and canards

influence angle of attack about equaly, much greater than
any of the other surfaces. Likewise, the top and bottom vanes [
have the greatest effect on velocity. The ailerons influence E;
velocity slightly more than they influence the angle of .f
attack; however, they are added to the angle of attack .
control to give that channel dgreater rooustness under

failure. This thesis assigns canards, stabilators, and

ailerons as the primary angle of attack control, while the

- reversing vanes provide primary velocity control. This mesans

that the "crosstalk terms" are the velocity change due to

canard, stabilator, or aileron deflection, and the change in

angle of attack due to reversing vane deflection.

Once the primary surfaces for each variable are
defined the amount of control authority each surface has in
controiling the assigned variables must be calculated. The

method used in this thesis first assigns a percentage of

control effort to each control surface involved in the
primary control of a variable. The percentages for the angle

of attack(AQA) are:

Canards 40%
Stapilators 50% .
Aileraons 10%

These percentages were suggested by Capt. Greg Mandthﬂand
assume the STOL aircraft has the ability to symmetrically
deflect the ailerons. As mentioned earlier, the stabilators
and canards influence angle of attack about equally, with the

stabilator being slightly stronger. The small percentage T
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chosen for the aileron reflects the fact that this surface ﬁ;
- must al??fbe used to control lateral variables as well. EE
Choosinéji‘large percentage could cause saturation, }:
especially if large lateral manuevers are called for. For ig
velocity control the percentages picked are: &é
Top vanes 50% E?

Bottom vanes 50% ?

In order to achive these percentages the amount of control ;i
exerted by a particular surface over a variable is assumed to Eﬁ
be represented by the DC gain of its transfer function. The ii
weignting terms 4 from Chapter Il are chosen such that the o
new DC gains ref]ecl the percentage values picked. These DC é %q

gain terms are in Table IV.2~2 for the three flight

conditions. The signs of these A terms are chosen such

P
e

R L SR I
i et '...
y .

<2 that all the control surfaces work together. This is done by
referencing the Bode plot for each transfer function and

choosing the sign that results in similar frequency response.

LR A
'I s et e
' L

It turns out that simple sign changes on the 4 terms ensure

that this occurs. As an exampie, for flight condition one the g;
DC gains for the angle of attack are: Eﬁ
Canards 1.349 E;
Stabilators 2.835 '
Ailerons 0.3961
As a first try A is set to unity. This implies that 40% of é:
tne control authoiity is equal to 1.349. The negative sign is ‘
dropped(but is dealt with later). This implies that the total
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effort has a magnitude of 3.373. In order to achieve the




are: -

- :"' A

0.5948

0.8514

=3
"

the surfaces are working together,

TABLE Iv.2-2

DC Gains of Transfer Functions

................

proper percentages of control authority, the required values

Finally the signs on A and 4 are changed so that all
2 3

N N

Response Flight Condition
1 2 3

v/ac 314.2 466.8 3299

v/ds -700.9 -987.3 -5934

v/éa -107.4 -236.4 -1902

v/é 477.2 533.9 1536
TV

v/§ -287.1 -260.0 -595.6
8v

d/ac -1.349 -1.124 -2.622

ajs 2.835 2.210 4,558
s

als 0.3961 0.4946 1.423
A

/s -0.9603 -0.5595 -1.150
T™v

0/%V 0.5917 0.5686 0.4466

56

Likewise the vane 4's are found. For flight condition one




the terms are:

Top vanes 1.000

Bottom vanes 1.662

Now, to ﬁake sure all the surfaces are working together,
i.e., are in phase, signs on A's 2, 3, and 4 must be
changed. For the first flight condidtion the 4 vector is:

T
a4 = [ 1.000 -0.5948 -0.8514 -1.000 1.662]

The A vectors for all flight conditions are in Table IV.2-3
At this point the reader might ask if choosing a f{ vector
at each flight condition is not actually scheduling 4

implying that the design is not really robust. The intent is gp
examine the plants resuliting from each of the vectors, and o
select the 4 vector which results in the greatest number of
minimum phase P' under failures for all three flight
conditions.

TABLE IV.2-3

Weighting Factors for the Three

Flight Conditions

Flight condition 1 2 3
Deltas
4 1.000 1.000 1.000
1
-0.5948 -0.6357 -0.7191
2
A -0.3514 -0.5681 -0.2303
3
A -1.000 -1.000 -1.000
4
1.662 2.053 2.579
5
57
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Using these 4 values, equivalent plant matricies P are
developed for each flight condition. Here a problem occurs
because of the structure of the velocity to top and bottom
vanes transfer functions. For instance, at flight conaition

one the velocity to top vane transfer function is:

v(s) = -9.496(s+0.2328+j0.4762){s+4.979) (4.2-3)
F163] (s+0.01897+30.2508)(s+1.546)(s+0.2846)

while the velocity to bottom vane transfer function is:

v(s) = _-9.496(s+0.5715+j0.1485) (4.2-4)

+30.250 s+1,

(s-2.415

Using the proper 4 vector from Table IV.2-3, the two

transfer functions are added together to form P , i.e.,
22

P = wv(s) = -3.143(s-12.29)(s+0.4202+j0.4092) (4.2-5)
22 §(s) (5¥0.01897+3j0.2508)(s+1.546)(s-C.2846)

which is non-minimum phase. Using this P transfer function
22
results in u- values with RHP poles. For this transfer

function to be minimum phase the condition
. (4.2-6)
A5'< 154 .

must be satisfied. However A4 must not be too small. This .
nlaces much more control empaasis on the top vanes, possibly
leading to their saturation during a maneuver or after a
failure. This, in turn, can lead to the loss of aircraft
control from effects of nonlinear elements(such as limit

cycles). As a compromise, A is chosen as 0.926. This

delta value results in a minimum phase system and also leads
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to a zero at s = -83.7 which cancels out the pole of the
reversing vane servos, simplifying the final transfer

function. The resulting P  before multiplying by the servo

- 22
transfer function is:

P = 0.2027(s+88.7)(s+0.3661+3j0.4445 (4.2-7)
.22 s+0.01 +30. s+1. s-0. )

This modification of the 'A. vectors is required for each
flight condition in order to guarantee minimum phase plants.
The modified 4 vectors are in Table IV.2-4. Using the
modified 4 vectors, theI transfer functions are

calculated and are then multiplied by their respective servo
transfer functions. The canard, ailerons, and stabilator -

servo transfer function is: -

6
é (s = 2.28(10 ) (4.2-8)
F) %s; (s+30.62)(s+138.6+3235.1)
com
TABLE [v.2-4
Modified Delta Vectors
Flight Condition 1 2 3
A 1.000 1.000 1.000
1
A -0.5948 -0.6357 -0.7191
2
A -0.8514 -0.5681 -0.2303
3
A -1.000 -1.000 -1.000
4
A 0.926 0.95 0.98
5

................
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The servo transfer function for the top and bottom vanes is: -

el
A
8(s) = 89 :-:.‘fi
- EACS
%ia; s + 89 | (4.2-9) v
With the servo transfer functions, the P matrices for the &vi

three flight conditions are calculated using the modified e
vectors and are in Tables IV.2-5 through IV.2-7. Now that a
satisfactory plant model is designed, QFT reconfigurability

theory can be applied as discussed in Chapter III.

IV.3 Tracking Specifications

In a control problem one is seldom confronted with the

situation where a specific response to an input is required. E:ﬂ

Usually a range of acceptable responses is specified.
QFT provides the minimum bandwidth compensators which S

guarantee that tne closed-loop response remains within the

o,

assigned tolerances over the given range of the plant
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wals

parameter uncertainty. The acceptable responses are often
defined in either the time domain or the frequency domain. If
they are in the former they can be converted to the latter.

This step is essential since QFT design is performed in the o

frequency domain. .

From data provided by McDonnell Douglas[6 ], ranges of

frequency response for both velocity and flignt path angle

are defined. For the velocity, the desired response is a f?T
single order system o

T(s) = 5a (4.3-1) ng

s + a !

where ‘a' can range petween 0.5 and 1.0 . The lower bound N

OO

N

R N
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TABLE IV.2-5

ol P Matrix Elements for Flight Condition One

- P = 94692(s+34.51)(s+0.01850£j0.2568)/ 4
= 11 1

-6.668(s+16.87)(s+0.01834+£j0.2576)/ A
12 2

ol
n

-6438000(s+26.41)(s+0.3369+j0.4395)/ A
21 1

R P .‘: :.-' . ," . _',"
o}
"
X

P = 52.54(s+38.7)(s+0.3661£j0.4445)/ 4
22 2

4 = (s+30.62)(s+138.6%j235.1)(5s-0.2846)(s+1.546)
1 (s+0.018974£j0.2508)

4 = (s+1.546)(s~0.2846)(s+0.01897£j0.2508)(s+89)
2
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TABLE IV.2-6 i

‘

P Matrix Elements for Flight Condition Two

.

i
n

95025(s+46.83)(s+0.015104£j0.2178)/ 4 b
11 3 N
)

P = -5.269(s+19.39)(s+0.01480£3j0.2182)/ 4 e
4

[} = -7008144(s+26.33)(s+0.6516%j0.2793)/ 4
3

..'f‘,:

P = 44.68(s+91.19(s+0.6973.j0£2348)/ 4 o
4

A = (s+30.62)(s+138% j235.1)(s+1.979)(s-0.3851) o
3 (s+0.01104£j0.2081)

A = (s+1.979)(s-0.3851)(s+0.01104%£j0.2081)(s+89)

62
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v TABLE IV.2-7
o " P Matrix Elements for Flight Condition Three

ol
"

122711(s+79.60)(s+0.01050430.1459)/ 4
11 5

-1
0

-3.505(s+27.24)(s+0.01060+j0.1472)/ 4
12 6

-1
"

-6146000(s+32.98)(s+0.3911+j1.084)/ 4
21 5

Py -
A1,
LN " . +

<
]

20.06(s+92.29)(s+0.4517+£j1.150)/ 4
22

A = (s+30.62)(s+138% j235.1)(s-0.4608)(s+2.686)
5 *(5+0.003206£j0.1090)

T MM
AL S 0% P

- A = (s+89)(s-0.4608)(s+2.686)(s+0.003206£j0.1090)
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transfer function is

— T (s) = _3.0 4.3-2
A " s+ 0.6 ( )
o
while the upper tracking bound is
(s) = 5.0 (4.3-3)
ll"U s + 1.0

In the time domain L (s) has the step response
[ 9

specifications:

3.662 s
6.520 s
5.000 ft/sec
5.000 ft/sec

Rise time(t )

r
Settling time(t )
s

Peak value(M )

p
Final value(F )

v
Likewise, the upper bound specifications are: <
Rise time = 2.197 s -
Settling time = 3.912 s
rs Peak value = 5.000 ft/sec
Final value = 5.000 ft/sec

Figure [V.3-1 shows the time responses for both the upper and
lower velocity response bounds.

It is essential in any practical design that at large

w, the permissable range of IT(jw)l exceed the range of

IP(jw)If This is always guaranteed if an infinite difference

T
.
L
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between the upper and lower bound is specified asw — @ G
L

Stated more succinctly: bi;
[ A

1im [ Lm [r (s) - T (s)]] = ® (4.3-4) T

S —so0 U L R

RO

One way to do this that works well is to add a zero to T ;34
! -




PR

and a pole to T, . This gives an order of two difference 1
L 2

'_
e
LACS

between the bounds and ensures an infinite spread as & ~» o . E%f
The required poles and zeros for this purpose are added as Lo
close as possible, subject to the time response being ;;5
negligibly affected ~ this is easily done on the computer. g;t
The first choice can be very far off. If no great deviation {”j
in time response is noticed, the pole and/or zero can be %&
brought in toward the origin. This is continued until an t&i
excessive deviation in time response results, after which it éﬁ:
is backed out a bit. This thesis uses a 5 percent deviation ?i;
in tne settling time and/or rise time as the limit of ;i;
pole/zero movement. For the velocity reponse upper bound a :;
zero cannot be added realistically since it is a first order if;
transfer function, instead two poles are added to T, to give &
the same effect. These modified upper and lower bount -
velocity transfer functions are: :§§
T(s) = _5.0 (4.3-5) 2
v s + 1 '.:i‘::
v o iy
and __
T (s) = 2100 (4.3-6) B
v (s + 0.6)(s + 20)(s + 35) e
L F
Tne resulting frequency response bounds for velocity are in“ Z;i
Figure IV.3-2 . The range between T"U and TvL gives the ;;;
set of allowanle freguency responses that result in the ?EE
desired tiwe responses. 3;;
4
ey
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Fig.IV.3-1: Velocity Channel Time Rz2s)ansz Bounds

The tolerances of the flight path angle are assumed to
be the same as that of the angle of attack(AOA) since the
flight path angle is a linear function of both the anglie of
attack and the pitch angle. The desired response is a second

order transfer function

T (s)

G Wy (4.3-7)
s+ 2w s +t w?

where
G is 0.06109 rad/in = 3.5 deg/in
¢ can range from 0.35 to 1.2

minimum bandwidth w > 3 rad/sec
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Fig.IV.3-2: Velocity Channel Frequency Response Bounds

g

For the overdamped case, a transfer function that meets the
specifications is

T (s) = 196 (4.3-8) e

gt (FFO (5719 i
The bandwidth of Li is slightly more than 3 rad/sec. Since ;Si,
this is an overdamped case without a resonant frequency peak, ,_‘
it is natural to think of LU as the tower bound. For the E}?
upper bound, with a § of 0.35, a maximum crossover frequency ;j?
of 10 rad/sec is used. This is a reasonable value selected on "
the basis of conversations with personnel from the Air Force Zéﬁ
Flight Dynamics Laboratory[22]. The upper bound transfer Eié

function is:

T, (s) = 350 ' (4.3-9)
u s¥ +7s +100

The respective figures of merit for the time responses of the E;j

. B
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AOA bounds are, for the lower bound:

Rise time = 0.5859 s

Settling time = 1.062 s

Peak value = 3.500°

Final value = 3.500°
and for the upper bound

Rise time = 0.1389 s

Peak time = 0.3354 s

Settling time = 1.098 s

°
4.582

Peak value

3.500° e

i

Final value

The plots of the time response bounds for AQA are in

Figure IV.3-3 . 2
As is done earlier with the velocity response the ;f;
transfer functions are modified to provide an infinite ffﬂ
separation of T_and T as W—oo. A zero is added to T, and ;Qf
e *y *u 3

a pole to T, . The resulting bounds are: g;;
- t

T,ls) = 7(s+50) (4.3-10) ‘ﬁﬁ

U s4 +7s + 100 )

- RSN

T (s) = 3920 (4.3-11) o

*L (S+3)Y(s+14)(s+20) - i

Figure 1V.3-4 shows the resulting frequency bounds.Again the ij

bounded area represents the range of frequency responses
which satisfy the given specifications. The next step is to

determine the bounds on disturbance rejection.

.............................................................
.....................................................
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IV.4 Disturbance Rejection Specifications 5

- <
Since the type of aircraft this thesis uses as a basis "

for reconfigurable controller design is just in the %
preliminary design stages itself, the basic control laws are ;

o~

still in development. The desired disturbance rejection has -

not been established at the time of this writing, but k

from discussions with FDL personnel{22] the level has been ;

-

set at‘t I= lt I < -10dB for all flight conditions for .

12 21 "

the healthy aircraft. Under failure the ideal situation is to N

meet the same bounds; however, the remaining surface f
deflections, and the required compensator bandwidth, may f

become too large for a realistic design. In this case the f
disturbance rejection bounds are sacrificed for stability in é

69 :

. W et a DN
. . et e e B S i

. ST T T S T T i L R LRI T O D AT

T et e T e A T AN N T R e T R A R LR i S Wl et s

PP LIPS SR SUIPIE A . Y AL IR A T LI I D P S DR I AR AL AR AL T T WG I AL I RN I S S W ) & B Y




AN AN i s R A Ve W e s g\ SAa T e iiab L An s iaSn et T M) e SR nRE ACh A S AR i A D I A A AL ERE R Al techis WCIRE Sesatiar s 6 A Ao i\ e o a & b S ot i o 3 ) g
L g

s - PRI LSO

-

i R

' h\ ," 1-

UPPER AND LOWER BOUNDS ON AOA - TRACKING RSP,

]
ol
o"
o]
o
3 ]
W]
oW
:3&:
w4
o
— o]
w ]
[sm]fr 0
2
— ]
Zo]]
hw
T ]
=
]
o]
o]
g:

T ) 3 < 6 6768100 2 3 4 6 6 789 10! 2 3 + 5 6 789 102

FREQUENEY (RAD/SEC!

Fig.IV.3-4: AOA Frequency Response Bounds

the event of control surface failures. QFT is very
transparent and allows the designer to see the "cost of
feedback" for the various failures. It gives a direct
indication of whether or not the failure in question leads .to
an unrealistic Toop bandwidth. If it does the designer knows

it pefore the compensator is designed.
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if IV.5 Application of Reconfiguration.Theo;y

» With tine eguivalent plant equations defined the ..

cé calculation of tne ideal ,Li.terms is required to develop

ﬁ‘ the Q matrices (that decompose the 2X2 MIMO system into 4

- SISO systems) for the reconfigurable system. For no-failure

i conditions the P matrix should be basically noninteracting

! (BINA) which means that the main diagonal terms dominate,

f‘ giving good decoupling even without feedback.
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Configuring the plant in this manner leads to smaller loop
transmission bandwidths. A method using ideal crossfeed

terms g4 and u 1is developed in Chapter III. These ideal

21 12
# terms are defined in equations 3.4-1 through 3.4-7
1]
Using the equivalent plant matrices in Tables IV.2-3 through
IV.2-7 the individual u terms are calculated. As a sample
iJ
calculation, at flignt condition one the u term is
12
-5
p = 7.042(10 )(s+16.87)(s+30.62)(s+138.6+j235.1) (4.5-1)
12 (s+34.51)(s+89)
Likewise the p term dis:
21
g o= 102942 (s5+26.41) (4.5-2)

21 Ts+30.62)(s+138.5+3235.1)
The rest of the u's are developed in the same manner and

are in Table IV.5-1. With the g values the plant matrix

becomes:
_ P+ P P + P
11 21 12 12 12 11
P‘ = . -~ ~ ~ (4.5'3)
- P + pu P P + P
21 21 22 22 12 21

Using Eq(4.5-3) the equivalent reconfigurable plant matrices

composing P' for the first flight condiditon are: i;ﬁ
P' = 1.639(s-0.4618)(s+5.772)(s+134.2+j221.3) r'q

11 {(s+30.62)(s+138.6+j235.1)(s+89) R

S e (5+23.45)(s+7.257) (4.5-4) I

- (S+1.546)(s-0.2846)(s+0.01897+3j0.2508) T

pt = pP' = 0.0 (4.5-5)
12 21




TreLE IV.5-1

# Terms Used to Give BNIA Systems QOver the

Three Flight Conditions

Condition One:

-5
7.042(10 )(s+16.87)(s+30.62)(s+138.6%4j235.1)
(s+34.51)(5+89)

102942(s+26.41)
(5+¥30.62)(s+138.623235.1)

Condition Two:

-5
5.545(10 )(s+19.39)(s+30.62)(s+138.6%j235.1)
(s+46.83)(s5+89)

- 156992 (s+26.33)
[5+30.62) (s+138.6%j235.1)

Condition Three:

-5
2.856(10 )(s+27.24)(s+30.62)(s+138.62j235.1)
(5+79.60)(5+89)

306381 (s+0.3911.j1.084)
{5+0.4517%;1.150)(s+138.6%j235.1)

o
Flight
u
12
u21
Flight
u
12
o
‘51
Flight
u
12
Ha1
o
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pr = 405.9(s+0.2524+j0.4044)(s+4.912)
22 (5¥30.62)(s+138.6%3235.1)(s+89)(s+1.548)

R (s+140.3+j240.2)(s+1.642 (4.5-8) -
s-0. s+0. +30.

Note that these u terms, even though they are minimum phase,

have resulted in a non-minimum phase plant transfer

functions. It turns out that the plant determinant is also éf
non-ninimum phase, but this stems from the choice of A 33
rather than 1 terms(since these can be factored out of the fﬁ;
determinant expression). This also occurs using the other ;ki
vectors as shown in Table IV.5-2. Non-minimum phase éi%
determinants 1imit the loop transmission bandwidth and can 5??

S

cause instability using the MIMO QFT design pFocess. For either

problem re-examination is required, or an extension of QFT

for non-minimum phase plants, the "Singular G" method should

1
' SN
Ak

be used[23]. Singular G is beyond the scope of this thesis,

:'l‘( I' 1 )
LA

A

yrararals

Y T, T e
»

thus the A4 vector is examined to see if it can be used to

drive the system minimum phase.

=T

Upon a close examination of the aircraft and the related

equations of motion and resulting matrices, the main cause of

.'-
sl

problems seem to be the close coupling of v and a within_ ?:?
the plant and their respective signs. With the current scheme {ﬁj
of choosing the A vector, as explained above, the ;f%
equivalent plant before the reconfigurable u terms are :;?
added is:, R
A
o
3
A
c...-‘\
..A-..\
..\‘.‘
W
]
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TABLE [V.5-2

_ - Equivalent Plant Transfer Functions

Flight Condition One:

Lt '."l Y,

P' = 1.64(s-0.462)(s+5.77)(s+1342j221)(s+23.5)(s+7.26)/ A
N 11 1

P' = P' = 0
12 21

P' = 405(s+0.252%j0.404)(s+4.91)(s+140%j240)(s+1.64)/ A

22 1

Flight Condition Two:

P' = 2.42(s5+0.892)(s+0.0492j0.407)(s+32.5)(s+133%j247)/ 4
2

11
Pl = PI = 0 E
12 21 :
P' = 128(s-0.484)(s+2.33)(s+0.385)(s+1352j245)(s+35.4)/ A
22 2
. Flight Condition Three:
= P' = 3.15(s+0.00524j0.183)(s+42.9)(s-0.688)(s+134¢%j222)/ A
o 11 3
P' =P' =0
12 21

P' = 164(s-0.476)(s+0.89)(s+2.53)(s+42.5)(s+1342j237)/ 4
22 3

A= (s+30.6)(s+138%j235)(s+89)(s+1.55)
! * (5-0.285)(s+0.0189%j0.251)

A= (s+30.6)(s+138%j235)(s+89)(s1.98)
2 * (s-0.385)(s+0.011%30.208)

a8 A= (s+30.6)(s+138%j235)(s+89)(s+2.69)
- 3 * (s-0.461)(s+0.00321%30.109)
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(4.5-7)

-ls

. 21I lTs

22l

where the |P ) ]operation causes the leading gain value in
ij

the transfer function to be greater than zero(an 'absolute

value' type function). As stated earlier , the u values

are:

1

#122 S ‘FIA/ ‘;lll ]BIZ/ lﬁlll (4-5-8a)

ﬂ21= S lFZJ/ '522‘ 1321Y |322‘ (4.5-80)

Using these, the reconfigurable equivalent plant is:

lsl ll- (IBZ 1‘/ lEZZD ‘Fl 2' ) lsl 2r (l“;'l 2!/ l'ﬁl li)l Fll]
- 5-9)

Ipzlr(lpml/ Ipzzl) zzl zzm 21|/|P22|) IP211

Note that to zero out the off diagonal terms of P' a

subtraction of positive, minimum phase transfer functions,
occurs to develop each P(.. The different dynamics of the
velocity control channe]léompared with the AOA channel

seein to result in the non-minimum phase plants when the
addition using u's is accomplisned. In order to circumvent

this problem various combinations of different A vectors

that, see from the surface, might give minimum phase plants

are chosen. The det[ P' ] is calculated for various failure .ii
conditi;ﬁ; and A vectors, again without finding a minimum -?i
phase P'. In each case at least one zero is in the RHP. ;;j
At this point it becomes evident that some f%%
Y
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problem_pqdification is required to provide a solution to
this problem using QFT without using the "Singular G"
method. As a simplification measure, the second order servo
poles are deleted. The assumption is that the final loop
transmissions will have a small enough bandwidth not to
excite the neglected servo poles, or have the additional

phase lag drive the system unstable. To guarantee that

compinations of control surfaces will result in minimum phase

plants, the plant determinant must not have RHP zeros. The
determinant of P' is given by

pt P - pP' P! (4.5-10)
11 22 12 21

Factoring out the reconfigurable terms, the servo transfer

functions, and the square of plant poles, results in the

o 2 determinant being
det[ P'] = K(s+30.62)(s+89) (1- u u )
(plant poles)2 12 21
(4.5-11)
[ N(P_IN(P_ ) - N(P IN(P ) ]
11 22 12 21

Where N(.) stands for the numerator of the transfer function

in quastion. Only the term [ N(P )N(P ) - N(P )N(P )] can

11 22 12 21
contain non-minimum phase terms(assuming 1~ g u is minimum
12 21

pnase). This quantity expanded out with the 4 vector terms

and separate surface transfer functions (Appendix I) is:

P P -P P )+ (P P -P P
11 24 14 21 11 25 15 21
+A4/A 0P P -P P +y(P P -P P )]
2 1 12 24 14 22 12 25 15 22
(4.5-12)
) +pAa/lpalP P P P +P(P P -P P )]
T 371 1324 14 23 13 25 15 23
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The separate difference terms can be combined to simplify the

equation:

A +yB + A/A (A +¢YB)
1 1 2 1 2 2

+A4/4 (A + yB) (4.5-13)
3 1 3 3

There are three unknowns in this expression: ¥, Az&h , and
4 /4 . The nominal plant used to develop 4 is
FCZ?No ;ailures. The ¥ value is chosen to make as many of
the individual A , B pairs minimum phase as possible. Then
the remaining Ak/‘Ak and A /A terms are picked to de-
emphasise any reiain%ng non-;ini;um phase tendencies. The
vector chosen is:

T
4 - [ -1 1 1 1 -0.6]

This vector also results in minimum phase plants at the other
two flight conditions(no failures). Variations of individual
A terms ¥20% still resulted in minimum phase plants. In

i
addition the plants remained minimum phase for the following

failures at each flight condition: S
a. Canards .

b. Ailerons SO

c. Stabilators 5;;

. ‘.-.‘J

d. Stabilators and Ailerons L.

e. Stabilators and Canards -;ﬁ

N

Also at FC2 failure of the bottom vanes results in minimum “i
phase P'., Top reversing vane failure never resuits 1in a ;,j
minimum phase plant. Other 4 vectors have been tried, R
S

‘_.g:d

.
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h;\evef-phe above 4 vector gave the most minimum phase i}
plants with failures out of all A tried. In other word,
that particular 4 results in the 'robustest' behavior. Even ﬁfﬁ
with the plant being minimum phase the diagonal elements were ;;é
not dominant, signified by the determinant being negative. ﬁwi
For diagonal dominance the columns are swithched, and the i&
signs of the individual A terms changed to flip the sign of ?{2
the determinant. Physical]; this means that the role of %Ei
primary control of the variables has changed. The aerodynamic ?t
surfaces are now controlling velocity while the reversing
ii vanes are controlling AOA. This result is interesting since - ;ﬁl
it is opposite of what one would think is logical. The switch ; f?ﬁ
seems to stem from forcing P' into minimum phase behavior to E
- use QFT(but not caused by QFT directly). Why this happens is 235
T not clear; however, for small signals the approximation ﬁ%—
should still be valid. gé
The 4 vector is now: .
T R
4-=[(10 -1.0 -1.0 -1.0 0.6] 2
The P' matrices used in loop design are in Appendix D along E;;
with the equivalent Q matrices derived from them. )
A moral to this story is that when dealing with a MIMO
QFT design problem the very first step taken should be to :
find the range uf weighting functions( QA in this thesis) v
that results in minimum phase plant matrices before even i;&
thinking about division of control authority(or anything ail
else). Without this characteristic the problem becomes much E:;
more difficult. If this had been done in this chapter several i%é
)
KA
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weeks of work, as well as ten pages of writing, could have 255
f: :és been spared. Had this fact been brought out at the beginning Ei'
i of this effort, possibly a A vector could have been found jﬁé
E to enable control of the flight path angle. 35;
. i
fk IV.6 Loop Bound Design L ZE&
o
i. Since it is desired that only AOA commands should ey
8 command AOA, and likewise with velocity, the equivalent E?ﬁ
?E closed-loop SISO structure is in Figure IV.6-1 . Notice that E;E
f and f have been set to zero to reflect this. To begin ;ﬁ;

t&g desigﬁlof the loop transmissions, the designer must first ? 5’

decide which loop to design first. Loop 1, the AOA channel, %;
has less uncertainty and smaller associated disturbance ;:F
rejection bounds(as determined by looking at both the size of ,33
the ptant templates and the area between tracking response é#:

frequency bounds), thus it is designed first. This is an éﬁ
empirical decision since the same steps are used to design f*:
both loops; however, beyginning with the loop having the g.

stricter tolerances leads to a design with smaller loop %&

bandwidth. Plant templates for both Q and Q are g

drawn, and from this it is seen that Q nii less giea fé

enclosed by the contour for every freqiéncy, thus this loop Z%

is designed first. i’

The loop transmission L must satisfy all its ;ég

frequency bounds(derived fromlthe plant uncertainty and ﬁg
performance tolerances). Examining each FC:Failure case it is ;;;
79 -1
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found that the transfer functions have the form:

Y

T ..{'..s:: o 48
., 5 o ‘ﬂ-

K (LHP Zeros (4.6-1)
H ole)(LH oles)

where K is a positive constant. The plant template for

Eq(4.6-1) is a line at low frequencies, becoming wider at

middle frequencies, and narrows to a line as w tends toward
infinity.

i d" dll
PV r

Y

Yz

rl\. . . -
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Fig.IV.6-1: Equivalent SISO Plants

In order to derive the frequency bounds for the
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disturbance rejection, B (jw), it is noted that the output

y is due to disturbance only since f is set to zero(a 52

21 12 T
change in AQA for a velocity input is not desired). The P
output in this case is: §§3

y = d Q /(1+1L) (4.6-22) e

r 3

=t Q /[q (1 +1L)] (4.6-2b) T

22 11 12 1 S

o

R

51
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Assuming the worst case, i.e.,set t = Db s,and also assume

22 22
that the response is less than or equal to b » the
12
disturbance rejection bound. Then
y | - |b Q /[0 (1+L))|< b (4.6-3a)
12 22 11 12 1 12

rearranging

b Q /Ib (4.6-3b)

< qQ 1
12 12 2211

Il/(l v L)
1

Tnis wust be investigated for each flight condition and

failure case. ( and Q at each FC:Failure case are used to
11 12
find the most demanding bounds. The FC2:Stabilator Failed

case is chosen as the nominal plant. At low frequencies it is
norinally located on the left side of the template, close to,
if not at, the bottom point of the template. Such a choice
makes it easier, from the auﬁhor's experience, for design of
L by moving the loop bounds lower on the Nichol's chart.
Uiing this e;uation and the inverted Nichol's chart, bounds
for L can be found, Howéver, if the frequency response data
showslthat [LJ > 1, then the above- equation is simplified
to:

> o ¢ /(v (4.6-~4)

G
2¢ 11

Q J
12 12
or

Q (4.6-5)
22 1llo 12 120

L o Q /Lo
e

wnere ( and ( correspond to the FC:Failure that causes
110 120

tne worst bound. As long as IL |>> 1 , the bounds for L1 are
1
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b
L,
plotted directly on the Nichol's chart. When|L |= 1 the "
1 .
. inverted Nichol's chart is required . With the log-magnitude E
- measure( Lm(x) = 20*log(x) ), L must satisfy f
1 :
Ltm(L ) = Lm(b ) +tm(Q ) - Lm(b ) - Lm(Q ) (4.6-6) o
1 22 11 12 12 .
From the specifications, b = -10 dB, wnile b is found in ?
12 22 g
Figure IV.3-2 . The calculations show that |1 + L | is very S
1 .
small for even low frequencies. This implies that L is very o
1 -
close to the -1 + jO point at tnose frequencies, well within E'
the +4 dB contour on the Nichols chart chosen as the o
forpidden region. The reason that |1 + L lis so small is 7}
1 o
that |Q h>{Q I, which makes sense since|P' |>» [P' | Thus the >
12 11 22 12 e
- bounds on the first loop are determined by the output y . =
! 11 %
This output is composed of two parts: tracking, y , and -
11t o
- disturbance, y where Z
- 11d :
y = f Q g /(1+L)=¢Ff L/(1+L) (4.6-7)
11t 11 11 1 1 11 1 1 N
- ] £
y = d Q /(L+L)=b Q /[{Q (L+1L )] (4.6-8a) -
_ 11d 11 11 1 21 11 12 1
& y =y o+ y (4.6-8b)
* 11 11t 11d : ‘

z",,|-l
”‘1

Tne maxiwmuin value for the disturbance is
A RS ERCRRACIR] & RIS (4.6-9)
ila 21 11 12 1 21 12 1

for cases where | L |>>1. With l Q |>> | @
' 12

I, b >1, and b

11 21

L l larger than |Q |at every frequency(which should
1 11

be so sinfe L = g Q , and realistic loops that provide E
1 1 11 o

sensitivity reduction tend to be larger than the plants they -
N
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contain), the disturbance output is very small when

L compared to the command output within the passband of f and
L 11
H

can be ignored. At higher frequencies the disturbance may be

larger than the tracking since y may be smaller than y
11t 11d
To meet specifications in this case L must stay out of
1
the forbidden region. This is done by translating the

templiates around tne forbidden region and notiny the trace of
tne nowinal plant. This defines a zone tnat L cannot

1
pe within at that frequency. In the tracking case with the

disturbance small, the bound for L satisfies the following

1
equation:
T - 7 I < Ih - a l (4.6-10)
ma x mint! — 11 11
where W and V are the maximum and minimum closed loop

~ max min
- magnitude line touched by the template respectively. Table

IV.6-1 contains the tracking bounds for loop one. The lower

bound is dropped in magnitude to ease the bounds on the first

-

loop; nowever, any simplifications here are made up by

wider pandwidtns of f and the second loop's coinpensation,
11 .

Tne plant templates for { are in Figure IV.6-2 . The

: 11

= noiinal plant is FC2:Canard Failed. From the Nicnol's cnart.

f{ tney are transferred to a clear snea2t of plastic and using

i; tne previously defined tracking oounds, the Dounds on l_1 are
\ drawn and lie in Figure IV.6-3 . At low frequencies the bound
E for « = } .,dominates since it is well above the bound for

if W = 2 and w = 4. For high frequencies the bounds wrap around
E the forbidden region, satisfying both the tracking and

s
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Fia.IVv.6-2: Q Plant Templates
11

disturbance rejection cases, finally resulting in an UHFB

24 d3 hign. In designing the actual L ; choice has to be
nade as to the snape anada magnituge oflL . Since the open lvop
transfer function contains in unstaole ;o1e the Nyquist

Staoiiicty Criterion 3noali 02 usad to astanlisn wnat
frequency caoardcieristics tne 1oop transaission snould have
for staoility unuer feeuback. A polar plot of an open- loop

transmission contuining an unstanle pole wiicn is staple for

B unity feeuovdck is snown in Figure 1V.0-4 .
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Fig.IV.6-3: Loop One Bounds

v .
o .

For a stable system Nyquist states that the number of RHP

it AP
.

zeros must be equal to zero[13144] . The equation which

-

relates the number of these zeros to the nunber of onen loop

RHP poles and the number of encirclements of the -1 point is: '3$

N
"

N+ P (4.0-11)

wiHere

~
[

Numiver of close-loop RHP Zeros oL

.........
_________
.....

LR RS




Fig.IV.6-4: Polar Plot of Loop Transmission witn
an Unstable Pole that is Stable for Unity Feedback

N = Numper of clockwise encirclements of the
-1 + jU point.
P = Number of RHP poles.

Since P =1 the -1 point must be circled -1 times

(counterclockwise) in order for Z = 0. Since g should

1
contain minimum phase terms it is of the form:
g = K (_LHP zeros)
1 ~( LHP potles) (4.6-12)

If K >0 then only the minimum phase transfer functions can
be used for a plant with one unstable pole and no RHP zeros.
If K 0 then the plants containing one RHP zero may be
staple, "but tnis implies that ( has a RHP zero which cannot
be used witn tne form of QFfT ex;%oited in this thesis. This

can be seen if a pole-zero plot of tne system is made(Figure
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[V.9-3). Using unity feedback and minimun pnase compensation

in the forward loop does not change the fact that a branch of
the root locus starts at the open-loop RHP pole and migrates
to the RHP zero as the gain is increased. The system is
unstable for all positive( and most negative ) gain. One of
the possible stable loop transmissons(Figure IV.6-4) has

a starting point of ~130 degrees at @ =0 . Since one pole is
in the RHP, tnis means tnat this pole is included in L ,thus
Jiving tne -130 deyrees witaout any free integrations.lTnis iaplies
tnat L is Type U, ana tnat some steady-state error to
C0mman§ inputs nas to be tolerated. Tne amount of steady
state error is dependent on tnhe DC gain, the higher tne
oetter. But a nign DC gain also means that several poles
might have to pe added to drop L fast enough to just meet the
- bound at @« = 1 to minimize the ;dndwidth. Tnis results in
the forcad addition of several zeras just to bring L

1
to the right of the forbidden region. An L with this shane

1
is of fairly high order in both the numerator and
Jenominataor, leading to an aven aor2 complax 3 . Alsa the

svsten is concitionally stasle at 22st, ans 3 larje jain

cianje may drive the syst2n unstadle. On the otherrwnd,m1L1 iﬁj
*-Y

420 3 lowzr 3C jain can be useug td raduca the complaxkity oF E;j

L 3iaca Ay gr2aat aro) nas L9 occtur to meat tne dound 3t £:j

03 = 1, J4l the $T2idy s$tdt2 error incr2asas. Tne samaiter JC

sala s cnosen siace Lae 3.00uat 9T Stlacy 3i3t2 error wnica

srses dinotne Ui, oLontrst 345t 13 T:UToTo 22 TlL2Tigin, r o
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compensator is ciaeaper to build using analog elements, and

simpler to implement digitally.

ﬂsIn
—t

- o 4Rs
s S

Ap

Fig.IV.0-5: Root Locus of Unstaole Plant

anen designing L it is noted that that Q@ includes an
11
unstable pole. Tnis must be included in L to avoid having an
: 1
unstable compensator. One method for doing this is as

follows. First L 1is broken down into two parts:

i

L = L'C (4.6-14)
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TABLE [V.b6-1

Original and Mudified Difference Between b and

11
a Tracking Bounds
11
frequency Lm{AT(JU)} (dB)
@ (rad/s) Qriginal Modified
1.0 0.3677 0.3677
2.0 1.374 3.000
4.0 4.610 6.000
8.0 12.51 20.00
20.0 14.78 ©
40.0 20.39 w -
33.0 25.34 @
wnere
C(s) = (s + 0.33851)/(s - 0.3851) (4.6-15)

C{s) contains tne unstaole pole. The zero could be placed
anywnere, but placing it at tne 'mirror' image of the

unstable pole is analytically convenient. This can be seen
from a frequency response plot of the above transfer function.
C(jw) shows a straight line undergoing a 180 degree phase

(o)

shift as W -—» from -180o to 0 This shifts L ' from 0o

1
to -180° at W= 0 to give the shape of L required by the
1

Nyquist stability criterion. L ' is designed to start at 0o
1
and satisfy the requirement that when it is multiplied by

C(s) an L is formed that satisfies all bounds. For the
1
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”.
- doungs in Figure [V.3-3 , an L tnat satisfies tne dJunds <3
o , 1o
oA -

* L 6
! L = 1.513(19 ){s + 9.3051) (4.5-15)
N lo (s =~ U.362l)(s + 0.2)(s + 200)(s + 6uUQ)
> .
=Y
2 Une can see now well L meets its pounds oy examining Figure
= lo
._ Iv.o-6 . L is close to optimum at 1 rad/s and again at
S lo .

20 rad/s, bdut far from the bounds at 2, 4, and 3 rad/s. To

bring it in any closer at tnese points requires a much more
. complicated compensator which might not reduce the 3 dB
. bandwidth much from its current 13 rad/s position, and only
{7 gives slightly less high frequency response along with a
L
}] higher resonant peak around 2 rad/s. Figure [V.6-7 is a Bode _
[J plot of L (phase suppressed). For this L the required
2 lo lo
' compensator 3 is

1
5
y = 2.37(1Y )(s+0.33851)(s+0.6067+j0.3576)
1 (s*+U.2)(s+200){s*+oU0 (s+0.0124)
(s+11.50)(s+23.388)(sr1.973) (4.0-17)

S I53J(s+7.723)(s+22.25)

Figure [V.6-3 contains the frequency response of g , and
snows that it Tooks like a lead-lag filter. Lookin; act a rozt
locus of the system, the for high compensator gain values tre
unstable open-loop pole migrates across the j axis to an
open-loop 2zero. This again illustrates why a non-minimum
phase zero cannot be used here. This zero is unaffected by

feedback, and under high gain conditions an open-loop pole

1ijrates ta that zero, making the system unstadle.

.................................................................
..............................................................
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Fig.IV.0-5: Loop Transmission L

10

Jsinj tne wetnod outlinea in Chapter IIl ana jiven in detail

in reference[9]tne prefilter f

first oruer lag:

The frequency re
its 3 dB bandwid

Even though
function it also

over 7tn order.

turns out to be a simple

11
= 13.9 (4.5-18)
VS ot )
sponsc of f js in Figure IV.6-3 showing
11

th to be aoout 29 rad/s.
g leads to the desired loop transfer
1

leads to a complex compensator, being 6th

From Figure [V.5-3 it seems as if

"N aA A pbd aiiac gt A mb K afes Jen- gy
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Fig.IV.6-7: Log Magnitude of L Verses Frequency N
lo -
- the compensator can be simplified. A transfer function which 3
minics tne snape of g is: :‘\:::‘
1
6 . ) S
¥ = 1.925(1J )ys + 06) (4.6-139) R
i (s + 1U0)(s + ovud) F
Tuis cowpensator leads to 4 yreater bandwidtn since it tends =
tu ndve a Jreater gain at eacn frequency tnan the exact '_:f:'."
L
compensator. A comparison of thne two AUA cnannel compensators L—1
is in Figure IV.6-10 . dhen tne simplified compensator is AR
multiplied by the nominal plant and the loop closed, the :jil:‘,%
S
resulting bandwidth is 13 rad/s, higher as classical control L.
=)
theory predicts. The simpler compensation is used in the :Z-‘:ﬂ
sinsulation to keep the order of the whole system at a minimun :Z:f;I-
v
to reduce simulation costs and computer loading. __i
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Fiqg.IV.5-10: Comparison of Full and Reduced Order
Loop One Compensators

IV.7 Design of Second Loop Compensation

Once tne first loop is desiyned, the knowledge of tnat
first loop compensation is used to give more exact(more
optiaal in tne sense of minimizing panawiatn) compensation
fur tne secunc loopl 18j. Tne exact equations for t and t

12 11

are supsituted into tne equations for t and t to give
21 22

t = f L /{1 +L ) (4.7-1)
22 22 2e 2e

.."",' S
‘.'J.A' IS LI

where

.
ty ¥y %

—
1]
(fa]
L2
g,
PP Y
UL N

e 2 22e

LI

= 99 (1+L)/(1+L -y ) (4.7-2)
2 22 1 1
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with —_

y= Q Q@ /(Q qQ )
11 22 12 21

.. (4.7-3)

Tne Q calculated using the first loop compensation are
22e

in Taples [V,7-1 tnrough [V.7-3 , differing by flight

condition. At low frequencies where

L , > 1 this is
2e

dpuroximated by

t = f (4.7-4)
22 22

When L « 1 at higher frequencies the equation can be

ZeI
represented by

t = f L (4.7-5)

22 22 2e
At frequencies in between, the simplifications are not valid
and the true relationsinips are used. The disturbance output

t is now given bhy:
21

t = f L /{0 (L+L 1L +1L-7)] (4.7-6)
¢l 111 21 2e 1

Again at ¢y sucn tnat , L ( >» 1, the response is
1

t = f /1Q (1L+L ) (4.7-7)
21 11 21 2e

And at hign frequencies where ]1 - YI >> lL l, t is
1 21

t =f L /[Q (L+L )1 -2)] (4.7-8)
21 111 21 2e
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- TASLE [V.7-1 N
X Equivalent Q Plant Transfer Functions for &{
22 o
") [ %

"\ Flignt Condition Une

‘I [}
L 2 )
Sl 2

Nu Failures: A;*
- 191.5(s*J.3097%jU.4504) (s+13.24)(5+loU)(5+59.67) o
N \Stl.o4v)(s~u.2odv)(s*+cl.u/)(s+238.12) (s+89.77 ) s+U.U133/%30.2504) o
L
Canard Failed: u;
- 753.3(5+0.3468%j0.4407){s+13.24)(s+130)(s+53.23) e
N {(s-0.2340)(s+1.546)(s+20.10)(s+0.01820%j0.25067)(s+100%3130.4) ot
Ailerons Failed:
~. :
’ Stabilator Failed: "
210.7(s+0.337%30.4401)(s+53.77)(s+13.24)(s+180)(s+560.33) s
(s+1.585)(5+0.2335) (s+).0l32%30.257)(s+18237.30)(s+125£344.1) e
Staoilatur and Ailerons Failea: S
4ol.o(S+u.3316FjU.9013)(s+5.407)(s+13.24)(s+140) -
3FJ.UL03%,0.250)(5%30.3%]153)(s+1.540)(5-0.2046)(5+32.13) 5
Stavilatur and Canara Failed: a
= 398.7(s+0.3316%35J.5516){(s+4U.242520.52) (s+13.24) (s+13u) N
: (5+0.0183%230.257)(5+13.0%j0.57)(5%125%395.1)(5-0.20490)(5*1.540) o
_ [
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Equivalent Q Plant Transfer Functions for
22
Flight Condition Two

No Failures: ;%
lu7{s+U.0070+JU.259)(s+138J)(s+40.39) ?ﬂ
(StULULdo/+jU.2lol ) s+113.¢+)02.338)(s+1.979)(s5-0.3351) E”T
=3

Canara Failed: i%h
55.18(s+0.7124+j0.2019)(s+29.91.j19.08)(s+180)(s+232.6) o
(s+0.0147+30.218)(s+111+3209)(s+1.98)(s-0.385)(s+238.7)(s+o1) A
3

Ailerons Failed: E;j

s+45.11)(s+13.24

224.3(s+0. 6696¢JO 2279)(s+180)(s+23.77

X
i

A L
. 'l . 'i
K 'v ‘l 1Y '. '3
D) 2

Stabilator Failed:

134.5(s+0.612%)(s+1.153)(s+7.728)(s+13.24)(s+130){s+53.232)
(s+3.0145+30.218)(s+10.4+37.94)(s+112+)J113)(s+1.53)(s-0.335)

Stanilator and Ailerons Failed:

« e - “« o o .
REARRERN AR

s L " et
RN Syt e
AR ) o
PSRN IO WA

733.3(5+U.5%5534+j0.3U83)(s+15.33+33.131)(s+1480)(s+36.39)
(stu.uldotju.cla)(s+io/+J1a9)(s+1.90)(s-0.335){s+31.9)(s+33)

Stabilator and Canarda failea:

- - F_—
S " 2
. .t
' o
. P
) L ol

L
» [
[ DR
i

433.1(s+.64904j0.4203)(s+3.061)(s+13.24)(s+140) o
(s+J.u1494430.2131)(s+114+3150)(s+1.979)(s-0.3821)(s+19.93) R

'
AES
Botton Vanes Failed: RO
o
n"

222.3(5+0.6567+j0.2722) (s+130) (s+33.53)(s+95.98) =
(5+0.01811+30.2173) (s*115+7.3160.7)(s+43.56)(s+1.979)(s-0.3351)

v
pie
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Equivalent Q Plant Transfer Functions for
22
Flight Condition Three

0,8
-~

e
L}
1
"a.

»
. 'l ': ."

»
P
L PR S O

v

No Failures:

D

411.2(s+U.4902+j1.107)(s+180)(s+40.07)(s5+13.24)
(Stu.uUsdl+ U luy ) s+ll3«397.01)(s+2.680)(s-0.4003)(s+2l.ol])

et

-""'" & ,'. ,"

Wt
I I'i."‘ PRI

h
AT

Cdnarg Failed:

K
PP

200(S+U.4564j1.156)(5+42.95+j23.58)(s+13.24)(s+180)
(5+0.00321+4J0.109) (5+24.2+)3.10)(s+141+#j129)(s+2.59)(s-0.461)

Ailerons Failed:

i

.461) e

{f Stabilator Failed: -}&
.w:_ .":..F:
- 333.9(s+0.4463+j1.036)(s+33.55+j15.33)(s+13.24)(s+180) o
- (s+7.00321+37.109)(s+24.0+33. 307 (s+103+j74.4)(s+2.69){s-0.761) e

o

Staoilator and Ailerons Failed: ﬂ;
349.6(5+0.38224j1.001)(s+16.614+j11.13)(s+130)(s+14.31) N
570, 00321330, 105 (s+17. 343270, 9V (+1214322.3)(5+2. 30 (s-0.351) o

{

Stabilator and Canard Failea:

02.U7(s+0.39614j1.219)(s+75.21)(s+13.24)
(S+U.u03214J0.109)(s+35.67)(s*+2.09)(s+33.03)(s+3s.03)
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Equations 4.7-1 through 4.7-8 are used to find both the
tracking and disturbance bounds for the second loop. Notice
that t contains only one term due to tracking response. The
disturﬁgnce rejection has been "built in" by the time the
second loop is designed.

The dominant bounds for the second loop are due to
disturbance rejection at tne low frequencies and tracking
response at hign frequencies. This differs from the first
loop wnere tne bounds are derived from tracking requirements
only. Again this is due to tne same reason, tne derivation of
Q from P' that madelqlzl>| Qlllalso madel022|> IQer If

lL I >> 1 then t is given by
1 21

t = f /[Q (1 +1tL ) (4.7-9)
21 11 21 2e

which can be rearranged to the form

1/(1 +L )| < b Q /f l (4.7-10)
2e 21 21 11

which for I L |>> 1 is approximated as \ﬁ
2e .
lL |> lf /(5 Q )l : ’ (4.7-11) ot
2e 11 21 21 -
B
Frow tnis point forwarua L is simply referred to as L ﬁfﬂ
le 2 .:~;-._1
Tne plant templates for ( are in Figure IV.7-1 . Notice DI
22le b

that tne uncertainty is increased from the first loop(Figure

IV.6-5). As was done on the first loop, the lower tracking

99 o~
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Fig.IV.7-1: Q Templates S

22eq

bounu is decreased at nigner frequencies to provide ;
B) '-*-1
bandwidth rezdction., Tnis is seen as an increase in AT(jw) -]

anicn tne tenplates wust not vivlate. Tne trackiny response
Can ve restored oy using tue actual oound values when
desiyniny f . Tne original anda moaified AT(jw]) bounds

.22
are listed in Table IV.7-4,




TABLE IV.7-4

Modified Tracking Bounds for L Design

2
Frequency
w (rad/sec) Exact IAT(aﬁl Modified ‘AT(aﬂI
1.0 2.7 3.0
2.0 4.4 5.0
4.9 6.1 10.0
8.0 15.0 20.0
20 13 ®
40 21 ©
80 29 L

Figure IV.7-2 shows the bounds for both tracking and

disturbance rejection for loop two. Up to 20 rad/s disturbénce

rejection dominates, with the high frequency bounds determined

both by tracking and disturbance considerations. The UHFB is

a 26 dB vertical line. As before L contains an unstable root
2
and must start off at -180 degrees for stability. With the

nominal plant again FC2:Canard Failed, an L that satisfies
20
the loop bounds witn miniinuin bandwidth is:

6
2.732(10 )(s+0.3651)(s+25) (4.7-12)
20  (5+1)(5-0.3951)(s*300)(5+300]

L

L is shown in both the Nicnol's chart in Figure IV.7-3 and
20
the frequency response in Figure IV.7-4 . Again some

overdesign of L 1is evident since the bounds are not “just
20
met" at each specific frequency. As before, this is done to
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Fij.IV.7-2: Bounds on L o)

sonewnat greater than L at ¢ = 26 rad/s. «itn tne nominal
lo b) .
condition FC2:Stanilator Failed, the required loop e

Culipénsation is: o

3 = 3440 stol s+ /1) (s+17.26)ys+1.379)

¢ (S*L)(S+0)(5+3ud)(5+JJU)(5+U./12d4+jU.2019)

(5+U.3385){(s+25) (s+111+j20u){s+v.ul86+ju.213) (4.7-13)
{(s+23.9+319.03)(s+232.0)(s+13.24)(s+1lc0)

The frequency resnonse of g is in Figure IV.7-5 . Notice [___
2 ]
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tnat the jain at 0C is actually in tne nejative d3s, rising
to a peak of 25 dB at w = 1000 rad/sec. Tnis value is too
high, indicating that the loop transmission snould be

reshaned.
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Fig.IVv.7-3: Loop Transaission L
20

Again, if g sligatly aiyner oandwidtn can oe tolerated,

j Can oe simplified. A simplifieg y tnat mimics tne full
¢ 2
orager 4 is:

J = 20.72(3+0.2)(s+u.4) (4.7-143)
2 (s+2.0){s+19)
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A comparison between tne tull uyrder and simnplified ;3 ,
2
Figure IV.7-6, shows tne nijner gain at sone regions that

leads to increased bandwidth, a price paid using the
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Fig.IV.7-3: Frequency ReSpohse of L

sinplification. The loop bandwidth with the simplified 7 s
2

approximately 35 rad/sec.

fFrom the tracking bounds for loop two, an f that
22

Jives the desired frequency response is:

f o= 4/(s+0.3) (4.7-15)
22

Tne frequency response of f is in Figure IV.7-7 , showing a
27
S48 wanawiatn of 5.7 rad/s.
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[V.o Summdry

Using QFT, compensators for controlling
aircraft AOA and velocity cihannels for three

conditions with six separate surface failure

the F-15 STOL
flight

conditions have

B LA

been designed. Chapter V takes these control laws and
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Fig.IV.7-7: Frequency Response of Prefilter f

- o
NN

22

- integrates them into a digital simulation of the aircraft to
%. check aircraft performance. Stability and

;n tracking/disturbance rejection are guaranteed by QFT to neet
ii the specifications; nowever, internal variaoles, such as tne

surface Jdeflactions and rates, reguire checking to see if

tney nave exceeded pnysical bounas., Tnis is not taken into

R accuunt in tne desiyn since gyoiny beyond these vounds results

in non-linear systeims, not amenaple to frequency domain
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.........

design tecanigques. To limit effects fros saturations of !

‘

% internal elements, feedback patns argund the saturating

N Tl y, o 5

elements are required. JFT has been extended to ndndle

feedback of internal variables, out that is beyond tne thrust
3 of this thesis{24]. After the system is designed, it is

noticed that if L is shaped a bit differently then the gain
- can be saved at both low and nigh frequencies, This in turn
;f reduces the closed-loop bandwidth. Unfortunately, this cannot
¥ be included in this chapter due to printing deadlines; f

nowvever, the improved loops and their compensation are in

Appendix H

Tne original plan to control the flignt patn angle and
velocity in tne STuL landing scenario nad to be modified to
controlling the angle of attdck ana velocity in order to yet

. winianua pnase plants. QFT can de used in tne control of non-
minimum pnase plants, out restrictions placed on the
pandwidth of the loop transmission make it impractical to
control the type of plant in this thesis containing both open
loop RHP poles and zeros. Jdust controlling AQA implies that
ianding control is lost since the exact pitch angle is

unknown . Thus, this control scheme cannot be used to

effectively control landing since direct control of the
decent is lost; however, it can be used to insure stability
in tne event of control surface failures. Taere is a chance, e

not isvestijated, tnat by expandiny det{ P } vectors can De <

[hiChiChE
v Yo
A

i found tnat force tae plant into minimum phase form. Tnis is
stated ayain in Cnapter o,

dgefore designing a AlM0 control scneme using QFT one

197




snould first fora tne deterwinant and asetermine tne ranje of tﬁ
weigntings which result ia wininua pnase plant watrices. Only
then may QFT continue. The reversal of diagonal doainance
seen in the equivalent plants could be caused by forcing the
nlant to be minimum phase, and does not seem to result from
QFT directly.

Restating, using QFT, compensators are found which

enables the system to meet the given performance tolerances.

.-I '

Tnese higher order compensators are approximated by lower e

'
.
0

order compensators without significant error. Loop

et -
hl ot

transwission dandwidtns are 12 and 26 rad/sec for the AOA and ca

1y

vealocity cnaanel, respectively. Since development of these
Cuspensators, resnaping of tne loop transmissions nave
signiticantly recucea tne alaynitude of 91 and 4 as a
function of fregquency. Thnese improved compensatérs are in

Appendix H.
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V. Simulation Results R
:;::

b
-'?j
V.l Introduction ol
This chapter presents the results of computer ﬁg
i,
simulations of the compensated aircraft under normal and b
failure conditions. Nineteen separate cases over three flight AN
conditions are examined. The commanded outputs are evaluated jﬁf
to see if performance tolerances are met. The control E?
surfaces are examined to see if any physical limits not Ff
included in the controller synthesis have been exceeded, or .}f
saturated. Using these results, the practical application of i~
tne controller to an aircraft is examined, and any possible jﬁj
corrections or improvements are suggested. .ij
e
V.2 Computer Model 5%
The aircraft is simulated using the CAD package Si
MATRIX X[ 25]J~ This program allows the system as a whole to Ké
be simulated in block form using transfer functions rather Ei
than transforming the entire system into state space. Ej
Individual control surface failures are simulated by removing iﬁ

connections between the specific blocks. Appendix G goes into

further detail on the actual mechanics of the computer i;
simulation. .
Before simulation can occur the system must be modified ;f
to reflect tne chanyes done during loop compensation design. %ﬂ
L e
Tne original siygnal flow cnart for the control system is in —

Figure v.2-1 . Since the columns in P' are switched this

.....
---------
...........




A ».'='.,'.
h‘.
™
h-

grapn is no longer valid. The new system in Figure V.2-2
reflects the changes accomplished to compensate the system.
The simulation uses the lower bandwidth compensators
developed in Appendix H rather than the ones developed in
Chapter IV. The first computer runs are made without taking

into account surface rates or deflections. This is to verify

—. 2062
'"gezce

T,- 2
S+29 ' - Py

3

Fig.V.2-1: Signal Flow Graph of Original Plant

-

that the compensators designed using QFT did indeed force the
plant to meet the performance tolerances. After this MATRIX X
allows the designer to include saturations directly in tne
plant moqpl. Botn surfdce rate and deflection linits are
introduced. The aderodynaaic surfaces are limited to maximum

geflections of *20U ueyrees at rates up to 30 dey/sec. Of

...............................
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course edch type of surrface nas its own individual limits,
dut Jjust one set of limits for all surfaces is cinosen to
simplify tne simulation. Tne limnits on tne vanes have a
faster deflection rate of 80 dey/sec, out since tnhe vanes are
very non-linear over large deflections witinin the range of
their stops, their deflection is limited to 8 degrees even

though they can actually deflect much farther .

T, 35,61
L2 WYY

T "
"50!1

Fig.V.2-2: Modified Signal Flow Graph of Actual Plant
Simulation
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V.3 Simulation Results

.
X

l- ..
s AA_.Q.“A.A- o

Figures V.3-1la tnrough V.3-1d show the simulation

'L

E:

results for all nineteen flight condition/failure

L

'.'

id ' "’
AN

combinations. Step inputs for both velocity and angle of

attack are used. Figure V.3-la is the AOA tracking response

to an inch deflection stick input. Without error, an inch of ff;
stick deflection should result in a change of AOA by 3.5 EEE
degrees. QFT guarantees that the response is within the given Eii
response tolerances. The figure shows that all the transient Eﬂé
parts of the responses except one lie within the bounds. ﬁ%:
Possible cause for the response lying just outside is the Ezé
simplified compensators used. That response is underdamped ;:
and corresponds to a plant on the upper right hand side of -
the plant template. The simp]ified.compensation raises the
frequency response of tne tracking outjut enougn to slightly ;;3
exceed tne upper tracking bound. The increased overshoot ig éﬁ;
not very great, on the order of 2 percent, whicn should be Sﬁg
toleraole. Since the system is Type 0, some steady state Eﬁ
error is expected. The worst steady state tracking error is é%;
about 7 percent. The Figures of Merit for the AOA command ;ii
input are contained in Table V.3-1 and lie within the ] ;T
specified ranges(see pages ¢4 and g8 for the ranges of '%
the Fijures of Merit for the two channels) except for ?%
L

FCl:Ailerons Failed case which shows the high overshoot noted

previously. The disturbance output on the velocity channel

-

for the step AOA cominand is in Figure V.3-1b. The largest

o B ATRTRRT
IR ARNTADRN
. [ ‘A.lln .

deviation is -1 ft/sec with a steady state value of -0.9
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Fig.V.3~1la: AQA Response to
AGA Step Input

?QX
i

435

)
\
1

A

\

I\
\\

33

N\
NN
RN
AN
/ Q? AN
N

A3
A4

X

~

¥

/ /'// v
S

DELTA VELOCITY(FT\SEC)
~
'3
X
X
\\
A

o
7

[ AT U TR SIS NN SN NI STNN S ARV ISR
Q S ' ' 2 23 3 33 .
TRE(SEC)

Fig.v.3;1c: Velocity Response
to Velocity Step Input

DELTA VELOCITY(FN\SEC)

0
= e T T

‘:~‘._————'4-_-_=_’___-€
-~ o —< ~ .=
3 \

~N

/ s P
\ /
/
-
\/
|
-12 e L1l Liil e INETR NN LAt L L}
° s ' T 2 23 3 3s .
TRIE(SEC)

Fig.V.3-1b: Velocity Response
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TASLE V.3-1

Fiyures of Merit for AQA Comaand with Linear

Simulation

FC:Failure t t M F % Error
r S D v
1 None 0.16 1.2 3.9 3.4 2.9
Canard 0.17 1.1 3.7 3.4 2.9
Ailerons n.12 1.2 4.7 3.4 2.9
Stabilator 0.43 J.65 3.4 3.4 2.9
Stan/Ail 0.56 0.90 3.3 3.3 5.7
Stab/Can 0.52 0.95 3.4 3.4 2.9
2 None J.46 0.73 3.4 3.4 2.9
Cdnara J.%Y 1.1 3.3 3.3 5.7
Ailerons J.co Jg.75 3.5 3.3 5.7
Stavilator U.40 J.79 3.3 3.3 5.7
Stdv/Aail J. 34 J.yuy 3.3 3.3 5.7
Stav/Can J.42 U.90 3.4 3.4 2.4
dot. Vanes V.41 U.90 3.4 3.4 2.9
3 None 0.32 0.990 3.4 3.4 2.9
Canard 0.49 1.0 3.4 3.4 2.9
Stabilator 0.40 2.90 3.4 3.4 2.9
Ailerons 0.17 1.1 3.7 3.4 2.9 T
Stab/Ail 0.45 0.75 3.3 3.3 2.9 )
Stab/Can 0.70 0.73 3.3 3.3 2.9 'ﬁ:
.
£
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This corresponds to a DC gain of 12 dB down from the tracking

(e Tl )
.
o

response, within the -10 dB limit. This response is for the

©w nominal plant P which is on the bottom of the plant template
0

for most frequencies, and for which the DC gain and open loop

ey ot 0n P o
(&."\'-_‘v P

bandwidth is at a minimum. Most of the plants exhibit much

- gL,

smaller variations which indicates greater loop gain and

pandwidth leaaing to better disturpbance rejection..

}
b
}'_'.
B Tne tracking response for a velocity input is shown in
Figure V.3-1c. A +5 ft/sec velocity change is commanded. Al1l
b
[

of the responses are initially within the previously

described bounds, but at some time deviate since the steady

j state error is non-zero. The worst error is again for the
nominal plant, FC2: Canard Failed with the lowest dc open-
loop gain. The responses show the first order characteristics

= desired in the original specifications. Table V.3-2 contains

;E ‘ the velocity response Figures of Merit, showing that the
bounds are met for all cases. The AQA disturbance for the
step velocity-command is in Figure V.3-1d. The 'worst' curve
has a steady state value of 17 dB below the command input ,
well witnin tne tolerances. Tnis indicates that the loop
transmission is overaesigyned and can be decreased without
violating tne disturbance tolerances.

As a cneck of tne QFT design proceedure, the system 1is
sinulated for FC2:Canard, Ailerons Failed and FC3:Canard,
Ailerons Failed. Both of these plants have non-minimum phase
Q" and sh3u1d be unstable under high forward gain and negative
f;gdback. Figures V.3-2a-d do indeed show the projected

instability for both AOA and velocity step command inputs.
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TABLE V.3-2

Figdres of Merit for Velocity Cowmand Using Linear

Simulation

FC:Failures t (sec) t (sec) M F % SSE
r s p v

1 None 2.4 4.1 4.8 4.3 4
Canard 2.2 1.0 4.9 4.9 2
Stabilator 2.6 3.8 4.6 4.6 8
Aileron 3.0 4.6 4.6 4.6 8
Stab/Ail 3.0 4.6 4.5 4.5 10
Stab/Can 3.4 5.5 4.5 4.5 10
2 None 3.4 5.4 4.5 4.5 10
Canard 3.0 0.4 4.4 4.5 12
Stavilator 3.1 4.0 4.6 4.0 ]
Aileron 3.0 4.3 4.6 4.6 8
Stav/Ail 3.2 4.¢ 4.0 4.6 d
Stap/Can 3.3 4.3 4.5 4.5 10

pot.Vanes 3.1 4.5 4.0 4.6 3 5%

3 None 2.4 4.1 4.8 4.3 4 o

Canard 3.5 5.6 4.6 4.6 2 £ -

Stabilator 3.6 5.4 4.7 4.7 6 s

Aileron 3.6 5.5 4.7 4.7 6 S

Stab/Ail 3.7 5.5 4.6 4.6 8 o

Stab/Can 3.7 5.6 4.6 4.6 8 :}f
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The system has acted as predicted by QFT(and classical
control theory).

In summary, tne linear sinulation snows that tna control
system satisfies tne specifications over tne range of
uncertainty for wnicn the desiyn is wade(is rooust for tne
given control surface failures at tne tnree flight
conaitions). This is guaranteed wnen QFT is applied
correctly. wWhat is not shown are the control surface
deflections and rates. For a more realistic simulation these

must be included. This is done in the next section.

V.4 System Simulation With Non-Linearities Included

The previous section shows that the system meets the
desired performance tolerances far a wide variety of failure
conditions asumming a linear plant. What is not shown are the
internal variaoles of surface deflection and deflaction rates
wnicn nave definite limits. These internal variaovles must oe
exawineu to determine whetner or not tne controller warks 'in
tne real world'. To do tnis tne limits mentioned in Section
V.2 are included directly in the simulation. The figures in
this section contain plots of control surface wovement. The
two surfaces shown are the canard and top reversing vane.
Given these responses, the response for the rest of the
surfaces can be calculated using the Q4 wvector. The other
surfaces deflect the amount of degrees indicated on the plot

times the A that premultiplies the particular surface. For

instance, the stabilator deflection is -1 times the canard

LR e i et St S Wt ot 6 Dot Soh Tt e b B Bt 2 0 my -y Y LANEASCR S A A Bt Y
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%
'
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deflection. The same procedure applies to calculate the
bottom vane deflection from the top vane plot, the top vane
deflection is multiplied by -0.6 . This is a bit misleading
since not all surfaces saturate at the same deflection. Thus
it gives the impression that all surfaces have saturated when
tnere is actually some control authority left. The
approximation is .;ade to simplify the computer simulation.
Figures V.d-la-d are graphs of the system response to a
3.5 degree AOA command. Figure V.4-1a is the AOA output and
snows that most of the responses do approach 3.5 degrees, but
a few, connected with single failure cases at each flight
condition, have significant steady state error. The case
FC2:Canard failed has the worst steady state error, over 20
percent. The reason these responses fail to meet the
specifications could stem froa the control surfaces
saturatiny, failing to ygive the extra amount of control
regquireas to reach the desired value. Possibly simplifications
wade adding Zne saturation blocks, or in other places in the
Siaulation, aroppeyd tne loop transmission enough that with
tnese severe failures tne dc gain dropped enouyh to increase
steddy state error, The system is unstable for all double .
fa1lure casesywnicn makes sense since when all surfaces
Saturdte tne systra ovecares essentially ‘'open-lgop', and the
plant is vpen-loop unstable), This instability can be seen in
Figure V.3-2 which plots the AOA output for the unstable
cases. For the rest of the cases the output is acceptable,

with the Figures of Merit in Table V.4-1. Single failure

.........




v

PRRLLY R

'
[}

T U

DELIA VELOOTY{FTI\SEC)

.

a0A (OLCRELS)

b ]

% p

Ol
ral
ﬁmm\

i
i

W by -
i, 7%._‘_.
RN

4

hf: T R S =
| N PPX 2 B I S A
2 h:zg\ P ke fotys i e 1

-~

Mk T
hy

4]
Ky 0 |
{fl

]

il

L]
I
\ ||

o

“‘ S oo Fa P s Dol kel
)

3 ' '3 H 13 3 3
AL ()

Fig.v.4-1a: AQOA Response to
AQOA Step Input
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Fig.V., 4-1b: Aerodynamic Surface
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to AOA Step Input
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Fig.V.4-2: Unstable AQOA Output for Step AOA input with
Plants Containing Double Surface Failures

cases also increase the disturbance level, Note that in

Figure V.4-1c the velocity drops as mnuch as 3.5 ft/sec, the

sane amount as commanded(AQA), or 0 dB disturbance rejection.
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e ' st T T T
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This can be disasterous, especially at V _» since

decelleration ot tnat fliynt condition cﬁlges a stall. The ‘EE
rest of tne cases experience cnangdes in velocity within tne - ;gi
lu a8 tolerance. Figures V.4-1b and V.4-1d are the ;—4
deflections of the aerodynawic surfaces and thrust reversing ;;i

vanes respectively. The surfaces 'hit the stops'(deflection

saturation) for only the severe dounle failure conditions,
causing instability; however, other cases undergo rate
saturation. This rate saturation does not cause instability,

possibly due to the small magnitude of the unstable root

121

. PR e 'Y T e e e T e T S e T et e A e : - R DRSNS . S
. . R . . e I e SR e e L Y CaTe e e . . - w e AR e e T e s At e N ..
e P UL UT R VRS SFE VIR PR P SR VA PRSI D i A R Wl TR S i v P U S S A R S S A |




TABLE V.4-1

Fijures of Merit for AOA Comnand Including Saturations

FC:Failure t (sec) t (sec) ™M (dey) F (deg) » SSE

r s p v
1: None U.20 0.75 3.7 3.4 3
Canards 0.19 U.70 4.0 3.3 6
Stabilator 0.25 0.75 3.6 3.4 3
Ailerons 0.75 1.2 3.1 3.1 11
Stab/Ail  cececeac--- Unstable Systeme-=-c-cucec--- B
Stab/Can  ---s-w---- Unstable Systeme------u-c---
2: None 0.20 0.80 4.0 3.3 6
@ Canards 1.1 1.8 2.5 2.5 29
- Stabilator 0.81 1.0 3.2 3.2 9
Ailerons 0.37 0.95 3.4 3.1 11
Stao/Ail c-ecec------ Unstable System-------o-----
Stab/Can  =---=------ Unstable Systeme-ecc-eeccou--
Bot.Vanes 1.0 1.6 3.0 3.0 14
J: None .25 V.75 4.4 3.4 3
Canards J.32 1.3 3.3 3.3 6
Staoilator ¢.75 1.3 3.2 3.2 9
Ailerons 0.35 0.9 3.7 3.0 14
Stab/Ail  ce----a--- Unstaple System-=--=--------
Stap/Can  =---------- Unstaole System---==cceccw--
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(around .3) allowing thne syrface to deflect to the praper

position for countering the unstable moments before they ‘get
out of hand'. However, even though the surfaces do not
saturate for single failures in this simulation, the trim
position of the surfaces has not been accounted for. Thus
some of the previously non-saturated cases may actually be in
saturation que to this. The reversing vanes snow the same
pattern of saturation, except they also saturate for
FC2:Bottom Vanes failed.

The response of the system to a 5 ft/sec step velocity

command is shown in Figures V.4-3a-d. The velocity response

input with only a slight increase in steady-state error
except for the multiple failure cases. The Figures of Merit
for the velocity command are in Table V.4-2. Multiple
failures again cause instability. For some single failures
the final velocity value is significantly less than
desired. The loss of the control surfaces decreased the
control authority to the point where tne desired output is
pnysically impossiole(for that particular configuration). In
Figjure V.4-3c tne aisturbance rejection also stays below the
-10 dB level(less than 1.6 deyrees in magnitude) for most
single failure cases and dounle failures(fur which it is
unstanle). In the worse staple case, FC3:Stabilator Canard
Failed, the 0 dB level is approacned with the angle of attack
decreasiny 5 degrees for a 5 ft/sec velocity command input.

From Fijures V.4-3c,d the surface deflections saturate

............

response in Figure V.4-3a shows that the velocity follows the=
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TABLE V.4-2

Figures of Merit for Velocity Command with Saturations

..........

.,
.......

:Failures t (sec) t (sec) M (deg) F (deg) %»SSE
r s p v
:None 2.5 4,2 4.8 4.3 4
Canards 2.3 4.1 4.7 4.7 6
Stapbilator 2.8 4.6 4.5 4.5 10
Ailerons 3.4 5.6 4.4 4.4 12
Stab/Ail = ececce-mce-o-- Unstable SysteM--==-=c-cccaaaaa-
Stab/Can ~s-ceccccec-a Unstable System---c-c-cu-cece-ex
:None 3.4 5.5 5.6 4.6 8
Canards 3.7 5.4 4.4 4.4 12
Stabilator 3.3 5.3 4.3 4.3 14
Ailerons 3.2 4.8 4.2 4.2 16
Stab/Ail ee-emeoeeaan Unstable System=----eccmceconana-
Stab/Can s--e----eoas Unstable Systeme-c-c-cenencennn-
Bot.Vanes 3.4 5.6 3.8 3.3 24
:None 3.0 4.6 4.9 4.9 2
Canards 3.6 5.6 4.2 4.2 16
Stabilator 3.5 5.5 4.0 4.9 29
Ailerons 4.0 5.9 3.4 3.4 32
Stab/Ail ccecccecca-a- Unstable Systeme-e-eccecceccaceann
Stab/Can ~-ec-ecenoan Unstable Systeflic-e-emeccenceccas
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totally only for double failures. The vanes saturate for all
double surface failure conditions.

The simulations including saturation effects show that
the system remains stable and within performance tolerances
for most single failure cases, but double failures lead to
severe saturation and instability that certainly keeps the

system from meeting the specifications.

V.5 Summary

For a linear system, the compensators developed using
JFT mneet the performance tolerances for tne flight conditions
and surface failures which they are designed for. This is not-=
surprising since QFT guarantees the desired performance in
the linear (nonsaturated) case. When saturations of control
surfaces are included, the tolerances are met for the healthy
aircraft and most single control surface failures. Double

failures lead to instability due to the lack of available

control authority. QFT has been extended to include, and

¢
-

.
'
P

compensate for, saturated elements in a SISO system, but has

not yet been extended to the MIMO case, In other words,

By
e
Pd

T e e TR e e LT e
. ) o e sCRRNT L, K . .

QFT provides a robust controller for this aircraft subjected

to surface failures and cnanying flignt conditions.
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VI. Conclusions and Recommendations

VI.1 Discussion

This thesis has demonstrated the application of
Quantitative Feedback Theory in designing control laws for a
reconfigurable flight control system aircraft. Fixed
compensation provides robust control for three different
flignt conditions with numerous control surface failures. The
use of fixed compensation is important since it implies that
identification of failures and/or scheduling for change of
flight condition can be minimized, reducing identification
failures, false alarms, required memory, and time delay. This
compensation results from application of QFT{minimum phase
technique) to the linearized, small perturbation equations of
motion for an open-loop unstable aircraft(STOL F-15). The use
of QFT is simple and straightforward once the plants are
described properly, i.e. non-minimum phase terms are
eliminated. In order to eliminate non-minimum phase terms
proper control surface weightings, derited from an equation
for the determinant of the plant, ére used. QFT affords the
designer insights on how wide the loop bandwidth should be
for various failures and disturpance rejection levels. QFT
enaples the designer to eliminate those conditions which
cause an unrealistically nignh loop bandwidth. Finally, QFT
does the “above from initial stages of the design
effort{(rather than finding out it "doesn't work" at the end

of the design process).
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VI.2 Conclusions

S b

R

/s

1. Quantitative Feedback Theory provides robust control

£

for the complicated aircraft in this thesis. Fixed control

A

laws for both healthy and damaged aircraft are designed such ‘E%
that performance is within the established tolerances using :E?
linear model simulation. igﬁ

2. The original idea of controlling the flight path :ﬁg
angle and velocity is modified to controlling the angle of EEE
attack and the velocity. Tnis is due to the non-minimum phase iij
plants associated witn tne flight path angle which limit the }iz
usefulness of QFT in this instance. ii

3. Control surfaces must be combined in such a fashion i::

that the resulting plant matrices are minimum phase. This
should be the first design step for problems having MIMO
plants that are open-loop unstable, or exhibit non-minimum

phase terms. Doing so ensures that the problem formulation is

P LA
PR I DAL .
CAEREREAE AR RN
R IR SRS

one that QFT can 'handle' without using the more involved Ezg
*Singular G" method. Choosing the proper weightings requires i;:
examination of the influence of the individual surface i
weightings on the plant determinant. .

4., Compination of surfaces using weignting factors iﬁ
desiygned to drive the plant winimum pnase tended to reduce ’ ig
tne cuntrol surface influence on some output variabies and E;f
increase tne effectiveness of others. in fact the iT
effectiveness is reduced so much that the diagonal dominance ;2
reverses:'The necessary process of eliminating RHP zeros §§
appears to cause the reversal effect for this particular plant. ;;

Previous theses have not noticed this effect, possibly for two
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reasons: one, the problems may be related to tne particular
plant, or two, the plants used in QFT theses up to this time
have been open-loop stable (except for one channel of Arnold
and Walkes use of Singular G on the X-29[<>]) and the effect
only shows up for open-loop unstable nlants. The opinion of
this thesis is that the particular plant data is to blame,
not the technique.

5. When control surface rates and deflection limits are
added to tne simulation the surfaces saturate only for the
double failure cases. Saturation in these cases leads to loss

of aircraft control. Tnis does not take into account any trim

position tne surface may oe at before the command, thus
saturation could occur for even lesser failure cases. In all-
single failure cases the system remains stable; however, fcr
some instances the steady state tracking and disturbance
rejection tolerances are not reached. Jne possible
explaination of these effects could be the reduction of
control surface effectiveness resulting from the desire to
maintain minimum phase plants. Enough effectiveness seems to

pe reduced so that under double surface failures the aircraft

does not have enough control authority left to remain stable

while single surface failure reduces tracking response and jif
‘:': :1

increases disturpance output. )
. . (£

o. Reversiny vane failure can only oe tolerated at one 4

flignt condition, and that is only for tne bottom vanes. For

otner condgitions non-minimun phase plants resulted. This

N\
: . R
indicates that failure of tnese surfaces could cause -——
Y
.n_'_..\
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instaoility. Anotner failure case(Canards,Ailerons Failed)

that QFT indicated would be unstable is checked and found

S

= unstable. This provides a check of QFT's ability to forcast
cases it cannot compensate for.

7. Digitizing effects are not included in the loop

transmission design, As with all future aircraft the
STOL F-15 aircraft will have a digital flight control
system. The digitizing effects introduce effective lags(as
seen from the analog design), finite word lengtns, round-off
errors, and maximuin sampling rates. When using analog design
proceedures for developing an eventual digital flight control
system tne designer iniyht want to consider adding extra lead :
to tne systemn to ensure stability wnen implimented. Dr.
Horowitz has recently extended QFT into the discrete
domain{26 ].

8. Loop compensation for both channels is high order,
being 6th over 7th order in one case and 10th over 11lth in
the other. Approximate compensators with reduced order were
found that mimiced the frequency response of the full order
compensators. The full and reduced order compensators
designed included considerable overdesign. Compensator
designs with less bandwidth are included in Appendix H, and
are used in the simulation.

9. Tne design of compensators using QFT would be much
less tide consumning if a computer aided design(CAD) packaye
is implemented. Witn sucn a program tne desiyn of

conpensation for nigner order plants(fourth on up) will be

possiole witnin tne time allotted for a Masters Thesis. Doing

130 npa
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so allows more "realistic" desiyn problems to be considered.
For example, the STOL landing problem(as witn any aircraft)
is actually a six degree-of-freedom problem., Using a CAD

package sucn thesis topics may become practical wnile using
QFT. Current AFIT efforts include such a package, and these

should be supported[ 27].

VI.3 Recommendations

1. The use of QFT to design robust reconfigurable flight
control systems snould be continued. Future proolems should
attempt tnhe design of compensation for systems of third and
nigner orders, or as in this thesis, include more non-
conventional control surfaces. In particular, redesign of tne
STOL F-15 aircraft for control of flight path angle, side

velocity, forward velocity, and roll angle to provide

increased landing control would be an useful extension of QFT ﬁi
design effort. Another extension of this thesis would be to }ﬁ
retqin the 2 X 2 equivalent plant matrix, but include control fﬁi
devices on the aircraft but omitted here such as flaps, Eii
thrust vectoring vanes, and engine throttle. This plant might L‘%
also have more general frequency dependent A4 terms for jfﬁ
each surface, causing the surfaces to work together better ifj
tnan simple gains terms can accomplisn. Including more %;;
cantrol surfaces has tne possibility of reducinyg or SE;
eliminating tne proolens witn non-minimuw phase plant iﬁi
iwatrices encountered in tnis tnesis. Tnis in turn could allow ;%;
A

R
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the application of reconfigurabpility tneory in a greater

MERPOVS. RN

extent than done here. A signal flow chart of this system is

in Figure VI.3-1 . The use of internal loops to decrease the

t-,

effects of saturation elements could also be investigated.

y 8

Fig.VI.3-1: 2X2 Signal Flow Graph for More General
- Control System of STOL F-15

B . L
8 AR

El Non-linear simulation of future designs wsing STOL F-15 jg
X =
- models is available and should be used to validate the linear L’?

designs in the vicinity of the appropriate flignt condition's

equilipbrium point. This will provide a much greater check of

| AR .
g e

- the control system's rooustness, 1
=
e 2. When using QFT to design compensators for MIMO systenms -4
:f.. - Ty
é' containing unstaole poles and/or non-miniimum phase zeros the ;3

- - -'
- first design step should oe to expand out the expression for —
- the plant determinant including the weignting terms. Then the EQK*
::.' _:::\
i 3
: 132 7
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range of weighting terms leading to minimun phase plants must
be establisned. Then working within this range concepts such
as "control authority" and "effective use of surfaces" can be
explored. Following this procedure could save the designer

N time and effort wasted on impractical plant configurations.

3. Digitizing effects should be included in future QFT
flight control system designs using analog techniques. These
could be as simple as first order lags. Current analog
designs from QFT must be converted into difference equations
for implementation in modern flight control systems. The
sanpling and processing delays within the flight control
system snould pe included in the plant uncertainty to
guarantee stapility.

4. Future control system designs shoula also include at
least a simple model of the most important part of the flight
control system, the numan pilot. Doing so will partially
i account for anothe} source of time lag and possible

1nstability.-
5. A QFT CAD package should be implemented to provide
:i SISO compensation design and MIMO system reduction into
equivalent SISO nlants. Doing so will result in a substantjal
decreasce in time required for compensation design, and will
allow the designer ¢ contemplate more difficult problems.

b. Extension of QFT theory to the discrete domain for

agirect desiyn of digital compensators, rather than analag

i design assuming fast-enouygh-sampling-rates, should be

investigated. Future FCS will be digital, thus the design

''''''''''''''''''''''''''''''''''''''' L Tt N D
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metnod snoula reflect this and desiyn directly in the saapled

- data domain, This could decrease problems encountered when
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Appendix A

Fl1ight Parameters and Aerodynamic Data Used to Obtain

STOL Aircraft State Space Equations

. The following taplcs contain the aerodynamic data used

. to ootain the state space equations for the STOL F-15.
Tne data is provided by McDonnell Douglas Corporation. This

ﬁ data is preliminary, cursory, and experimental and should not

‘ be looked at as representing any finished aircraft. The
stability derivatives are originally given in the aircraft

Ej body axis, but are converted to the stability axis for FCS _

| design. Also some derivatives, especially those related to
control surface deflections, have units per degree and are

Il changed to a per radian measure. During simulation the output

f. is converted back into a per degree measure.




TABLE A-1

Aerodynamic Data for Flight Condition QOneé

Non-Dimensional Body Axis Stability Derivatives(l/deg)

CZA = -0.0613756 D3 = -0.00036784
€2Q = 0.0 CZD4 = -0.00036784
CZH = -0.000026124 CZD5 = 0.0016781
CZU = 0.011254 CZD6 = -0.0016781
€ZD1= -0.001452119 €ZD7 = 0.0016781
€Z0D2= -0.00549256 CZD8 = -0.0016781
CMA = 0.012469 CMD3 = 0.00096437
CHQ = -0.098561 CMD4 = -0.0012491
CMH = -0.0000346518 CMD5 = 0.0014572
CMU = -0.0115264 CMD6 = -0.0011263
CMDI=  0.0051492 CMD7 = 0.0014572
CMD2= -0.0098354 CMD8 = -0.0011263
CXA = 0.0025614 CXD3 = 0.001395584
CXQ = 0.0 CXD4 = 0.001395584
CXH = 0.00043821 CXD5 = -0.0045798
CXU = -0.173411 CXD6 = -0.0045798
CXDl= -0.00065298 CXD7 = -0.0045798
CXD2= -0.00099344 CXD8 = -0.0045798

A-2
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TABLE A-2 s

Aerodynamic Data for Flight Condition Two

NN

i

O

b

Non-Dimensional Body Axis Stability Derivatives(1/deg) X

e

A

CZA = -0.07062331 CZD3 = -0.004384277 e

CzQ = 0.0 CZD4 = -0.004515593 -

CZH = -0.00001818665 CZD5 = 0.00135028

CZU = 0.006534185 CZD6 = -9.00135028 ~
CZD1= -0.002571549 CID7 = 0.00135028 -
CZD2= -0.009552322 CZ03 = -0.00135028 ;-

| JE

CMA = 0.009313564 CMD3 = 0.00112899 e

CHMQ = -0.169491 CHD4 = -0.00214211 o
CHMH = -0.0000338546 CMD5 = 0.00129075 i

CHU = -0.0140683 CMD6 = -0.00137516 S

CMOl= 0.0052887 CMD7 = 0.00129075 g

CMD2= -0.0107546 CMD8 = -0.00137616 b

CXA = 0.00208763 CXD3 = 0.001365414 3

CXQ = 0.0 CXD4 = 0.000946531 R

CXH = 0.000631123 CXD5 = -0.00340353 o

CXU = -0.246589 CXD6 = -0.00340353 e

CXD1l= -0.00153014 CXD7 = -0.00340353 —

CXD2= -0.002016566 CXD8 = -0.00340353

- o

l-;q

-

a
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TABLE A-3

Aerodynamic Data for Flight Condition Three

Non-Dimensional Body Axis Stability Derivatives(1/deg)

CZA = -0.07941805 CZD3 = -0.003408011
€zQ0 = 0.0 D4 = -0.003625448

CZH = -0.00006055214 CZD5 = 0.00196522
CZU = 0.013001412 CZD6 = -0.00196522
CZD1= -0.003086522 * CID7 = 0.00196522
CZD2= -0.010978221 CZD8 = -0.00196522
CMA = 0.004264454 CMD3 = -0.00362015
CMQ = ~-0.1564511 CMD4 = ~0.00451965
CMH = -0.000027818 CHD5 = 0.00103652
CMU = -0.0049774 CMD6 = -0.00115411
Cal= 0.0066521 CMD7 = 0.00103652
CHD2= -0.0125487 CMDS = -0.00115411
CXA = -0.00095634 CXD3 = 0.000578922
CXQ = 0.0 CXD4 = 0.000354177
CXH = 0.000984122 CXD5 = -0.00201548
CXU = -0.193601 CXD6 = ~0.00201548
CXDl= -0.000741196 CXD7 = -0.00201548
Cxb2= -0.001530024 CXD8 = -0.00201548
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State Gpace Models

This appendix cantain the state space models used to
derive the plant transfer functions. The three separate
tables represent these state space madels for the three
t+light conditions. The matrices are generated from
the aeradynamic data in Appendix A by the program
STOLCAT.FOR, a listing of which 1s in Appendix F. The state

vector X is:

C ]

0

-

|

with %he output vector y set egual To x. The state equations

are of the form:

(B-2)

X =

1>
jo
I©

5 +

y= Cx (3-3)

The input vector u represents the control surface

deflections § . The flight path angle ¥ is:
i

y = 6-o = - X (B-4)
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TABLE B-1

State Soace Matrix Model for Fiiant

Condition

Al
P T R T T

b

¥. 31¢ES76
Q. Q2184734
&, QUERRZ338

@.2

3 . 1. 44876

-8, 027436

2.9

13. @236

Q.872441

~Q. 446E£53

Q.2

-Q. 147179 @.75

~38. 7282

-2, 2571148
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Appendix C

Control Surface Transfer Functions

This appendix contains the individual control surface
deflection to response output transfer functions for the
state space models in Appendix B. The transfer functions are
calculated using the CAD package TOTAL[7]. The transfer
functions are arranged according to the output variable, with
the responses for a single output to all of the surfaces over
the three flight conditions arranged in a single table. The
output variables are the angle of attack a, pitch angle @,
and tne forward velocity v. These transfer functions do

not contain tne servo poles.
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TABLE C-1

Control Surface Input to Velocity Output Transfer Functions

te rer e AV mam T e m R ey e

Flight Condition Dne:

V/6 = [—1.482(5+E.3E51tjm.4295)(s+22.63)L/ﬂ
c 1

v/g = [E.18@4(5+B.3733¢j0.4441)(5+321.3)J/'ﬂ
= 1

V/d = [1.449(s+0.2980+j0.5347) (s+5.469) 1/ B
a 1

v/, = [-92.496(s+0.2328+i0.4762) (s+4.979)1/
Jtv ﬁl

v/ig = [—9.469(s+0.5715+j0. 1485) (s-2.415) 1/ B
bv 1

B = (s+1.546) (5-0.2846) (s+0.021897+j0@.2508)
1

Flight Condition Two:
v/g = [-2.494(s+0.5869+70.3159) (s+13.96)1/ g
c 2
v/ig = [—0.4419(s+m.70571j0.1866)(s—lEB.B)J/ﬂ
s 2

v/g = [1.514(s+0.6460130.4218) +8.483)1/ g
a 2

v/, = [-10.03(s+0.3978+i0.5199) (s+3.887) 1/
6tv 52

v/eg = [-18.083(s+0.28461) (s+1.607) (s—-1.837)1/
dbv ﬂz

B = (s+1.979) (s-0.3851) (s+0.21104+;0. 2081)
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S TABLE C-1 (continued) e

- — . e . s P L metams ten e — —————— )

Flight Condition Three:

v/g = [-2.533(s+0.3177£31.086) (s+17.28) 1/ 8 ;.
v/ § = [~@.1588(s+0.4734+51.136) (5-364.5)1/ 8. fl
v/ 5 = [1.201(s+D.3548%i1.202) (5+14.83)1/ 8. g"
v/§ = [-10.87(5-0.07658+30.7329) (s+3.736) 1/ B

v/g = c»1m.97(§+m.3564)(s—e.qsaa)(s+2.359)1/ B,

B_= (s+2.686) (s-0.4608) (s+0.0032061i0. 1090) T
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TABLE C-2

Pitch Angle Response to Control Surface Input Transfer Functions

e w  m reth % im n e s e ot —————— e A . TS s 4 e L L S S £ T — o

Flight Condition One:

0’6 = [@.4347 (s+0.1374) (s+@.2527) 1/
C

B4

0/6 = [-1.178(s+2.088939) (s+8.4035) 1/ B
[ 1

0/0 = [-3.1472(s+@.1011) (s+0.4798) 1/ 8
a 1

0/ = [0.79446(s+0.1554) (s+0.3015) 1/
é
tv Bl

6/5 = [-B.5014(s+0.035614) (s+0.5029)1/ g
bv 1

B= {(s+1.546) (s-0.2846) (s+0.018771 ;8. 2508)
1

Flight Condition Two:

0/6 = [(0.8191(s+0.01344) (s+B.5747)1/ ﬂ
-

[

2

-~

0/5 = [-1.498(s+0.086778) (s+B.6654)1/ g
1=
6/5 = [-0.3101(s+0.01372) (s+8.7711)1/ g
a 2
0/5 = [0.7506(5+0.03004) (s+0.6343>1/ g
e J

tv

0/6 = {(-8.3822(s-0.02779) (s+@.6115) 1/ B
bv 2

B = (s+1.979) (s—B.38B71) (s+0.01104+70. 2081)

)
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A TABLE C-2 (continued)
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Il

£1.880(s+08.04249) (s+D.76465) 1/ B
c 3

6, = [-2.9467 (s+B.084023) (s+@.8855) 1/
6 B
= 3
0/6 = [-0.8661(s+0.04034) (s+0.9704)3/ g
3

0‘/6 = [A.7524(s+0.04998) (s+0.8427) 1/ B
3.

0/6 = [-D.2738(s+0.01886) (s+1.252)1/ g

(2]

B= (s+2.686) (s-0.4408) (s+0. 0032056+ i0. 109@)
3
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TABLE C-3

¢ e
i - A0A Response to Contrgl Surface Input Transfer Functions

vor

Flight Condition One:

0/6 = [-0.2740(s+0.01895+50.2554) (s—21.41)1/ B
1

c

M A

a; = [-0.7660(s+0.01834+3i0.2571) (s+15.49)1/ B
1
a/d = [-0.2744(s+0.017341+i0.2572) (s+46£.345) 1/ y:
a 1
afd = [@B.387@(s+B.081799+i0.2344) (s+23.88) 1/ B
1

a/J = [-0.38920(s+0. 01900+ 0. 2587) (s+12.61)1/ B
1

B = (s+1.5456) (s-0.2846) (5+03.0818971;0.2508)

Fiitght nondition Two:

a/d = [-0.2107(s+0.01501+30.2171) (s-37.26)1/ ﬂ
c 2

o'/6 = [-0.6648(s+0.01504+ i0.2182) (s+2Z.01) 1/ B
S 2

0/ = [~0.3604(s+0.014341i0.2169) (s+9.444)1/ g
a 2

a/d = [D.3032(s+0.01387x3i0.2177) (s+225.68) 1/ ﬂ
tv 2

a/é = [-0.3032(s+B3.01719+j0.2195) (s+12.8@) 1/ ﬂ
bv

o]
~

ﬁ;= (s+1.979) (s-0.3851) (s+0.011684+;0.2081)
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TABLE C-3 (continued)
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Flight Condition Three:

0/6 = [-0.2830(s+D.01037+i0.1445) (s-&4.66)1/ ﬂg
Oy, = [-0.9554(s+0. 01066+ 350. 1445) (s+32.36)1/ ﬂ3
a/d = [-0.5823(s+0.01030+70.1485) (e+16.23)1/ ﬂ3
096 = [0.1989(s+0.007381+3iA. 1466) (s+39.48) 1/ 33

a/J = [-0.19892(s+A.01939+30. 148%5) (s+14.73)1/ B
. 3

= (s+2.4848) (5—0.4608) (s+0. 06320061 ;0. 109Q)
B
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APPENDIX D

Equivalent Reconfigurable MIMO Plant Matrices

and the Equivalent SISO Plant Matrices used in Designing

the Aircraft FCS Compensation using QFT

In Chapter IV a set of P matrices are developed for three flight
conditions and various control surface failures. Then using reconfigurable
theory as discussed in Chapter III, the equivalent reconfigurable matrices P'
are formed. The P' matrices are then transformed into the equivalent SISO
system matrices Q. Tables D-1 through D-18 contain the P' matrices, while

Tables D-19 through D-38 are the Q matrices used in FCS compensation design.
In the tables:
A = (S5+1.546) (5-0.2846) (5+0.01897+10.2508) (5+89) (5+30. 62)

sz = (5+1.979)(5~0.3851) (S+0.01104230,2081) (5+89) (S+30.62)

133 = (S+2.686) (5-0.4608) (5+0.003206+3§0.1090) (S+89) (8+30.62)




TABLE D-1

AL AL PR MR S A S kg it Sndi Sl ine L v

Plant Matrix for FCl No Failures

Yo e Ve LVw

LN A Tl kit o S Aeties Sndije o 3
[

28.87 (5+0.01826+30.2567)

-16.20 (5+0.01827+§0.2568)

.:n?"_ .
5 4 A

A
“Y

7

v

G >y -y Yy

¥

(5+19.29) (S+31.74) (5+22.03) (5+35.87) e
P' =1 -
- A_1 -216.6 (5+0.3396§0.4492) 180.8 (S+0.3432+§0.4449) &
(S+32.02+33.985) (5+32,33) (5+53.28) E
TABLE D-2 yre
Plant Matrix for FCl Canard Failed ::-
29.29 (S+0.01823+j0.2568) -17.03 (S+0.01817£30.2569)
(S+16.64) (S+32.64) (5+15.24) (5+43.13)
P' =1 .
A -193.9 (5+0.3491£30.4590) 134.4 ($+0.3593£30.4578) r
(5+28,12+18,148) (S+38.284§12.30)
N
TABLE D-3 .
Plant Matrix for FCl Ailerons Failed I
78,45 (S40,01828+10,2566) —15.36 (S+0.C1831440,2567) o
(5420,59) (S+29,79) (S427.94254,€70)
r=l b
Y -194.5 (S+0.3414+40,4439) 134.5 (5+0.3459£50,4371) .
(5429,17£§13.55) (8+41.24£120,52) v
¥
F_—:
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TABLE D-4

Plant Matrix for FCl Stabilator Failed

27.27 (5+0.01828%30.2564) ~-13.89 (S+0.01832430.2567)
(S+20,31) (5+28.48) (5+25.04437.554)
P' =1
ZL ~213,9 (S+0.3192+0.4502) 174.3 (5+0.3114%10.442%)
(5+14.46) (5+43.13) (5+14.25) (5+460.93)
TABLE D-5
Plant Matrix for FC1 Stabilator and Afleron Failed
.
€.,
28.12 (S+0.01825+30.2567) -14.69 (S+0.01808+30.2566) iﬁ'
(5+15.10) (S+33.54) (5+10.29) (5+39.16) S
P' =] -~
- Z&, -191.7 (5+0.3205+30.4419) 129.9 (S+0,3124440,4250) ;r
(S+18.24) (S+35.08) (S+21.01) (S+47.60) [
TABLF. D-6
Plant Matrix for FC] Stabilator and Canard Failed
28.12 (S+0.01822+10.2563) =14.55 (S+0.C1821430.2569)
(5416,87)(5+32.18) (5+15.11)(8+25,91)
P' =]
- éil -191.2 (S+C.3261£30,4703) 128.9 (S+0.3192+30,4893)
’ (S+11.58)(S+39,59) (S+8.665) (£+23,68)
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TABLE D-10 v

Plant Matrix for FC2 Stabilator Failed S

-24.73 (S+0.0J471+30.2182) S
(S+19.60) (5+38.95)

44,75 (S+0.01466+30.2181)
(5+20,34) (5+33.09)

174.3 (5+0.6819+10.2773) Lat

Ao -374.3 (5+0.6577230.3211)
- (5+29.91£319.08)

(5+23.16£16.916)

TABLE D-11

Plant Matrix for FC2 Stabilator and Aileron Failed

43,50 (S+0.01462+50,2181)
(S+18,22) (5+32,99)

=395.3 (S+0,6072+30,3609)
(5+11.48) (S435.54)

-22.24 (8+0.01457+30.2183)
(8+13.77) (S+37.44)

301.3 (5+0.65975§0.3404)
(S+12.70) (5+48.89)

TABLF. D~12

Plant Matrix for FC2 Stabilator and Canard Tuiled

43.73 (S+0.01464%10.2180)
i (8+19.98) (S+22.09)

=20.60 (S+0.01462450.2183)
(S+1£.27) (8+435.49)

P! = 1
A -380.3 (S+0.6199+§0,3€47) 178.9 (S+40,6275+30,3960)
) L_ (S+10.06) (S+34.41) (8+9.553) (5+42,13)
D-5
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TABLF. D-13 i
Plant Matrix for FC2 Rottom Vanes Failed
28.23 (5+0.01414+10.2178) ~14.74 (5+0.014492§0.2179)
(5+30.91+13.114) (5+33.98) (S+39.86)
P' = 1
- A -500.9 (5+0.6073+10.3696) 332.4 (S+0.6471+10.3059)
3 (5+12.75) (5+30.66) (5+29.,56) (5+32.57)
TABLE D-14
Plant Matrix for FC3 No Failures
16.08 (5+0,00993+310.1463) ~10.92 (5+0.010242§0.1463)
(5+34.29+19.739) (8+40.60+112.82)
P' =1
- A -248.2 (5+0.3492431.1.02) 206.3 (S+0.3646531.105)
3 (S+27.61+14.906) (S+35.79) (5+46.,07)
Y.
TABLE D~15
Plant Matrix for FC3 Canard Fajled
[ 15.30 (5+0.009752j0.1464) -9.352 (£+40.01003430,1467)
; (S+27.14) (S+27.72) (S+26.68) (S+47.16)
P’ =1 !
A -225.4 (5+0.3995341.148) 160.6 (S+40.4341+51,153)
: (5+26,95£118.19) ($+42.9544178,54)
D-6
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TABLE D-16

Plant Marrix for FC3 Stabilators Failed

14.62 (5+0.00976+30.1461) ~7.997 (5+0.00999+40. 1460)
(5+32.31+410.55) (5+37.35+§19.29)
P' =1
A -250.6 (5+0.2675+1.060) 211.1 (5+0.3092+11.066)
3 (S+11.65) (5+40.53) S+14.82) (S+58.96)
b
. TABLE D-17
Plant Macrix for FC3 Aflerons Fafled
jil 15.19 (5+0.00991+j0.1461) ~9.139 (5+0.0102320.1461)
T (5+33.854§12.59) (S+41.84+520.87)
T P' = 1
- A -229,.8 (5+0.3482+41.087) 169.4 (S+0,3888+41.88)
3 (5+25.67%39.221) (5+38.55¢115.33)

TABLE D~18

Plant Matrix for FC3 Stabilators, Allercrs Failed

i 13.73 (S+0.0097110.,145%) —6.124 (5+0.00993+30.1455)
‘ (5+30.994113.27) ($+32.97+127.80)

(5+10.90) (5+37.22) (S+14.81)(S+52,64)

1
A [_ -232.3 ($+0.2467+11.017) 160.6 (S+0.2935+31.011)
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TABLE D-19

Plant Matrix for FC) Stabtlator, Canards

15.05 (5+0,009646230.1464) ~-8.863 (5+0.009785:40.1469)
(5+24.59) (5+38.87) (S+21.20) (5+48.56)
P=1
A -211.9 (S+0.2125231.104) 133.5 (5+0.2892241.165)
3 (5+8.226) (5+34.16) (5+11.29)(5+43.70)

S T I
- ot

- PP L T - .
AT 3 vy PRV T A P TR DA YR O

AN TR

B
.




2272

ar
I RN )

3 v ¥ v Y
PR L PR

. 4
..' -.‘ ." ..' B r . ¢ lﬁ

@ {5

P A " L(l_"‘,'.'

'

A A e Ay
A e e

)
Lt

.
.

e

TABLE D-20

Q Matrix for FCl1 No Failures

1 1
180.8 (S+0.3432310.4449) 16.20 ($+0.01827230.2568)
(5+32.33)(5+53.28) (S+22.03)(5+235.87)
Q-A
1 1
TT6.6 (5+0.3396+10.449) 28.87 (5+0G.0183%310.2567)
(S+31.06+33.985) (5+19.29)(5+31.74)
A= 1269 (5+0.3697246.4561)(5+17.52) (5+459.67)
(S5+1.546) (5-0.2846)
TABLE D-21
Q Marrix for FC! Canarda Failed
1 1
134.4 (5+0.3593£10.4578) 17.03 (5+0.01817210.2569)
(5+0.3828£112.30) (5+15.24) (S+43.13)
8- 4a 1 1
T53.9 (5+0.3491230.459) 79,25 (5+0.0183+30.2568)
(5+28.1223)8.148) (5+16.64) (5+34.62)
A= 3363 (5+0.3468410.4407)(5+17.52) (5+59.67)
(5+1.546) (5-0. 2846)
TABLE D-22
Q Matrix for FCl Stabilators Failed
1 1
174.3 (S+0.3114230.4423) 13789 (5+0.01832230.2567)
(5+14.25)(5+60.93) (5+25.04237,554)
q=A [ |
ITI79 (5+0.3192210.4502) 27.72 (S+0.01822§0.2566)
(S+14.46) (5+43.13) (5+20.31) (5+28.48)

A= 1674 (540.357230.4401)(S+17.89)(S+58,77)

+1. S-0.

D-9




TABLE D-23

Q Matrix for FC1 Ailerons Failed

1 1
135.4 (5+0,3459230.4371) 15,36 (5+0.01831%30.2568)
(5+41,242320.52) (5+427,94214.878)
1 1
. +0. *30.4439 78.45 (5+40.01828+30.2567)
(5429.17£313.55) (5+20.59) (§+29.79)

A= 1732 (540.3503£40.4303) (5+18.01) (5+59.48)
. +1.546 .2846

TABLE D-24

0 Mactrix for FCl Stabilator Failed

1 1 s
17%.3 (53+0.3114230.4423) 13.89 (5+0.018322310.2567) e
(5+14.25)(5+60.93) (5+25.04217.554) o
1 1
213.9 (5+0.3192210.4502) 27.72 (S+0.01828230.2567)
(S+14,46) (S+43.13) (5+20.31) (S+28.48)

A= 1674 (5+0.3570240.4401)(5+17.89)(S+58.77)
(S+1.546) (5-0.2846)

TABLE D-~25

0 Matrix for FCl Stabilato , Atlerons Failed

1 1
129.9 (5+0.3124210.4250) 12.69 (S+0.01808230.2566)
(5+21.01) (5+47.60) ($+10,29) (5+39.16)
1 1
T3T.7 (5+0.3205230.4419) 78.12 (5+0.01822£10.2567)
(S+18.24) (5+35.08) (5+15.10(S+33. 54)

A= 1673 (5+0.3070240.4141)(S+16.55)(5+29.76)
(5+1,546) (5-0.2846)




TABLE D-26 ,-P"

!
Q Matrix for FCl Canard Failed e o]

o

1 1
128,9 (5+0.3192+30.4893) 14.69 (5+0.01821%30,2567)
(5+8.669) (S+33.68) (5+15.11)(5+39.91)

1 1
191.2 (5+0.3261¢30.4703) TR.TZ (S+0.01825230,2567)
(S+11.58) (5+39,59) (S+16.87) (S+32.18)

A = 1630 (5+0.3316210,5518) (S+5.407) (5+18.10)
(5+1.546) (5-0.2846)




TABLE D-27

0 Matrix for FC2 No Failures

1

1
287.8(5+0.65646230.2920) (S+32.37) (5+40.39)
Q=

1
411.7(5+0.64430.3225) (S+20.68) (5+30.71)

A= 1434(5+0.6678240,2590) (S+23.35) (5+30.45)
(5+1,979) (s~0.3851)

24.08(5+0.01474+30,2181) (5+29.37213.225)

1
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44, 2T7S+0.01467230,2181) (5+23.23) (5+30.19)

TABLE D-28

.0 Matrix for FC2 Canards

1

1
212,9(8+0.6819:10,2773)

24.73(5+0,01471250.2182) (5+19.60)

(5+32,79%115.45) (S+22.41%318.189)
Qo= A
1 1
374.3(5+0.6437210.3144) 43.88(S+0.01468230,2181)
(5+24.31£35,982) (S+26,44%31.156)
AT 1664 (S+0.6696+40,.2279) (5+23.77) (S+45,11)
(5-0.3851) (5+1.979)
TABLE D-29
0 Matrix for FC2 Stabilatcrs Tailed
1 1
301.2 (S+0.6067:30,3576) 22.05 (S+0,01467¢j0,2180C)
(S+11.56) (S+426.91t36.349)
\ (S+53.88)
= AN

>

1
4TB.5 (5+0.6011230. 3676
(S+11.04) (S+38.,78)

1
43.5 (S5+0.01462£30.2181)
(5+18.22)
(5+32,99)

A = 1926 (5+0.6124) (S+1.153) (S+7.728) (§+22.25)

(5-0.3851)(S+1,979)
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TABLE D-30

Q Matrix for FC2 Stabilator, Ailerons Failed

»
»
.

o 1 1
Ve 285 28*0.59751jﬂ.3404) 22,24 (S+0.01457+30.283)
Vo (S+12,7) (5+46.89) (S+13,77) (8+37.44)
o Q= A
- 1 1
395.3 (5+0.60724£10.3609) 43,50 (S+0.01462+§0.2181)
{S+11,48) (S+35,54) (5+18.22) (5+32.99)
v
[1 = 2646 (S+0.5834++40,3083)(5+15.39+13.131)
- (5+1.979) (5-0.3851)
TABLE D-31
Q Matrix for FC2 Stabilator, Canard Failed
1 1
725.0 (S+0.6275230.3960) 22,69 (S+0.01462+§0.2182)
(5+9.553) (5+43.13) (5+18.27) (5+35.49)
Iy 8- 4
o 1 1
- 380.3 (S+0.6199+j0,3847) 43,73 (S+0.01494%40,2181)
. (5+10,06) (S+34.41) (S+19,98) (5+32.09)
.?: [;- 1908 (S+0.6496*40,4263)(S+8,661) (S+23,25)
(5+1.979) (§-0.3851)
TABLE D-32
Q_Matrix fcr FC2 Bottom "unes Failed
1 1
332.4 (S+0,6471250.3059) 16,74 (S+0.01449%30,2179)
(S+29.54)(S+32.57) (S+435,98) (S+39.86)
e- A
. 1 1
91. 500.9 (S+0.6073*10.3696) 28,23 (S+0.01414%310,2178)
, (S+12.75) (S+30.66) (S+30.9123§3.114)
A 615 (S+0,6567+40,2744)(S+33,53)(S5+95,98)
(5+1.979) (S-0,3851)
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TABLE D-33

Q Matrix for FC3 No Faflures

1 1 .
206.3 (5+0.3846£11.105) 10.92 (5+40.01024230.1463)
(5+35.79) (5+46.07) (S+43.602312.82)
1 !
I%8.7 (5+0.3492231.102) 16.08 (5+0.009924£10.1463)
(5+27.61£14.906) (5+34.8939.739)

A = 1210 (5+0.009478+10.1462) (S+0.4902+11.107) (5+36.752118.30)
13+72.686)(5-0.4608) (5+0.003206%10. 1090)

TABLE D-34

* Q Matrix for FC3 Canards Failed

[[=]

1 1
1€,.6 (5+0.4341231.153) 9.352 (5+0.01003230.1467)
(5+42,952128.58) (5+26.88) (5+47.16)

1 1
225.4 (S+0.3995:31.148) 15.30 (5+0.00975:30.1464)
(5+26.952318.19) (5+37.14) (5+27,72)

A = 668.8 (S+0.009557240.1462)(S+0,4561+91.156)(S+29,30)(S+143)
(S+0.0032062310.1090) (5+2.686) (S-0.4608)

TABLE D-35

Q Matrix for FC3 Scabilator Failed

1 . T
ITT.T (5+0.3092211.066) 7.997 (S+0.009995210.1460)

(S+14.82) (5+58.96) (5+37.352119.29)
1 1
250.6 (5+0.2675211.060) 14.62 (5+0.009755230.1461)
(S=11.65)(5+40.53) (5+32.31¢410.55)

A= 2052_(S+0.009488240,1462)(S+0,3589+11.069)(5+19.9229,679)
(5+0.003206210.1090) (S+2.686) (5-0.4608)
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TABLE D-36

Q Matrix for FC3 Aileraons Fatled

1 1
169.4 (S+0.3888241.088) 9.139 (5+0,01023%40.1461)
(5+38.55¢315.33) (5+41.842120.87)
2= A
1 1
229.8 (5+0.3482+41.087) 15.19 (5+0.009911£30.1461)
(S+25.67%39.221) (5+33.852312.59)

A =946.3 (S+0.009471210.1462)(S+0.4468211.086) (5+34.392125.57)
(5+0,003206230.1090) (S+2.686) (S~0.4608)

TABLE D-37

Q Macrix for FC3 Stabilator, Ailerons

1

1
174.3 (S+0.2935%31.011) g.21% iS¢0.009928:jO.1455)
(S+14.81)(5+52.64) (§+32.97¢427.80)
2= A »
1 1
373 i§+5.2437tj1.017 13.73 (S+0.009711240.1459)
(S+10.90) (5+37.22) (S+430.99¢413.27)

A = 1899 (5+0.009478+10,1464) (5+0.3422241.001)(S+16.612111.13)
(S+0,003206£j0.1090) (5+2.686) (5-0.4608)

TABLE D-38

Q Matrix for FC3 Stabilators, Canards

1 1
133.5 (5+0,2892:231.165) 8.863 (5+0.009785230.1469)
(S+11.29)(S+43.70) (S+21.20) (S+48.56)

Q= 4 . .
211.9 (5+0,2125291,104) I5.05 (5+0.009646+10,1464)
(5+8.226) (5+34.16) (5+24.59) (5+38.87)

A = 263,7 (S+0.009510240.1460)(S+0,3961241.219)(S+15,24)(S+75.21)
(S+0.003206240,1090) (5+2,.686) (5-0.4608)
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ﬁ: Upper and Lower Tracking Bounds for AOA and :}E
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- Velocity Channels o
. o

oo t-
ut

A
LA

Appendix E contains the calculated frequency responses

L

PR O
S
¥

for the tracking bounds outlined in pages 60-69 of Chapter

)
v e
0

PR

IV. Table E-1 is the AQA upper tracking bound(TaU), while E
Table E-2 is the lower tracking oound(TaL). Tables E-3 and X
E-4 are the upper and lower velocity bounds(TuU, TvL) 2
respectively. _ A
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ol TABLE E-1

Upper Frequency Bound for A0A& Channel Ta
U

W (RAD/SELC) DECIBELS DEGREES

PRI f T PO PAF LR RFt L o) FPFR e S AR N Ve

2. 10.88354 a. -
. 10000PE-D1 10.8854 | ~.28b667E-01 3
. 2000RRE-O1 10.8855 -.573336E-01 N
. ZQ00ORE-B1 10.8855 -.860009E-01 i
. 400000E-@1 10.8855 -.114669 -
. S00000E-A1 10. 8856 -.143338 -
. bQVVORE-Q1 1@.88357 -.172007 -
. 700000E-01 10.88%8 -.208678 =
. 8000RPE-01 1@.88359 -.229351 -
. F00000E-D1 10. 8860 -.2580@25 ; L
. 100GR 1@.8861 -.285700
. 200000 1@.8881 -.573603
. J00000 10.8915 -.860911 .
. 400000 10.8942 -1.14883 :
. S00000 1@. 9023 -1.43756 -
. L0000 10.9097 ~1.7273@ i
. 700000 1@.9184 ~2.21828 g
. 600000 10.9285 ~-2.31068 =
. 900000 13,3400 -2.50473 u

. -
1.00000 10.9528 ~-2. 90063 u
2. 00000 11.1556 -6.81052 5
I.00000 11.4950 -9.54744 ﬁ
4.00000 11.97@3 -13.8706 o
S. 00000 12.5721 ~-19.3200 ",
6.00000 13.2689 -26.4513 K
7. 00000 13.9784 -35.9109 -
8. 00000 14.5284 -48.2084 -
9.00000 14,5567 -63.0524 P
12. 0000 14.1497 ~78.7284 -
20. 2000 1.12672 ~133.185 g
0. 0000 -6, 13492 ~134.329 N
40.0000 ~1D.6410 ~13@.767 R
50. 0000 ~17.8041 -126.703 ;
60. 00020 -16.188% -122.963 L
70. 0000 -18.0757 -119.70%9
80. DBV -19. 6252 -116.926
99. VYO -20.9337 -114.552
100 . DOV -22.0633 -112.82
"
¥ E-2 :
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Lower Freguercy Bound for ADOA Channel Ia

I 5
W

3

e SR RN

-48.2989

L

W (RAD/SEC) DECIBELS DEGREES
. 10.8814 2.
. 120020E-@1 12.8813 -.212813
. 20DRRRE-O1 10.8812 - 425623
. S000BOE-O1 10.8811 -.638430
. 400ROPE-D1 10.8809 -.851232
. SE000BE-D1 10.8806 -1.06403
. 4DP00RE-D1 10.8803 -1.27681
. 700003E-01 10.8799 -1.48958
. SD0RORE-D1 10.8794 -1.7023%
. 920000E-@1 10.8789 -1.91509
. 108000 12.8783 -2.12782
. 200000 10.8692 -4, 25380
. 320000 10.8540Q -6.37610
T . 400000 - 10.8329 -8.49293
. 520000 10.8058 -10. 6025
. 400000 12.7729 -12.7032
. 700020 12.7342 -14_.7932
. 8OO0 10. 6899 -16.8710
. 900000 10. 6402 -18.9352
1.00000 1@2.5851 -20.98473
2.20000 9.78131 ~4Q. 4057
3. 00000 B8.45155 ~57.4954
4.00000 7.35993 ~72.2553
5. 20000 65.21007 ~85.0303
6.00000 4,465594 ~96.2078
7 . 00020 I.32246 ~106.110
8.00000 2.01991 ~114,981
9.00000 751756 ~123.000
10. 0000 -.481474 ~130.301
20. 0000 -11.1986 ~178.698
0. 0000 -19.2908 ~203, 698
4@, 0000 -25,7721 ~218.434
50. 0000 -31.08726 -227.982
50. 0000 -35.5304 ~234,617
70.0000 -39.3655 ~239.474
50. 0000 -42.7248 . -247,175
93. 0000 -45.7104 ~244, 285
100. 200

~248.470
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TABLE E£-T

Upper Freguency Bound for VYelocity Chanael

'v .‘1 'l! 'l'

»
A

P
il

o W{RAD/SEC) .

a.
. 100800E-31
. 200000E-01
. 200000E-01
. 400000E-21
» SO0BV0E-O1
. HERBORE-Q1
. 700000E-01
. 800BORE-01
. F000D0E-B1
. 100000E+Q0

. . . 100000
- . 202000
o . T00000
- . 430000
- . S00000
- . LEDROO

e . 700000
X R . 8BV
- . 500002

- 1.00000
- 1.00000

2. 00000
O . D0ReR
t 4.00000
5 5. 20060
s T b DE0RS

DECIEBELS

13.9794
12.979@
132.9777
12.9758
13.9728
1%.94686
13.94638
1%.9582
17.9517
15.%9444
13.9362

13.93762
13.8091
1Z. 46031
1Z.3248
15.81073
12.64408
12.2473
11.8710
11.4026
10.9691

19.94691
6.9897@
3.97942
1.67491
—-. 178333
-1.7@262

DEGREES

a.
-.S7293%9
-1.14574
-1.71836
-2.29061
-2.86241
~3. 43363
~4.00417
-4.57392
-5.14276

-5.71059

-5.71099
-11.3@9%
~-14.6992

-21.8014

-26.5651
-30.2638
—-34.9928
-I8.6598
-41.9872
-45. 2000

-45.0002
-63.4349
=71.5651
-75.9638
~78.4701
-80.5377

. 7. 00000 -Z.01030 -81.8699
» 8.00000 ~4.14973 -32.8750
9.00200 -5.15874 -87. 6598

19. 02a0 -6.043591 -84.2894

13. 2060 -6.06781 -84.2894

TR, BHBE -12.0520 -87.1376

0. 0000 -15.5578 -88. 0908

) 4@, LG -18.0645 -88.5679
=3. DVOY -20.0017 -83.85472

. 60, BEEY ~21.5848 ~8%.0452

70. 0000 —22.9274 ~-89.181%5

80. 8000 -24.9831 -~89.2818

D). AP 5. 1060 ~89. 7634

L. gl ~Zo. BT -9%., 4271

E-4
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TABLE E-4
s : .
~ Lower Fregquency Bound for Velocitvy Channel Tu
L
W{RAD/SEC) DECIEELS DEGREES
Qa. 13.9794 a.
. 100080E-01 13.9782 -1.022460
. 200000E-01 13.9746 -2.B4666
. ZDODDRE-D1 13,9685 -3.06867
-40000RE—-Q1 13.92401 -4,Q28909
. SOC0EDE-01 13,9492 -5.10741
. 6ROOABE-D1L 13,9340 -46.123712
. 700002E-01 1Z2.9205 -7.13570
. 32000RE-21 172.9@246 -8. 144467
. 2000006E-01 13.8824 -2.149%5
. 100000E+020 13.8400 -18. 1499
. 100000 17.8600@ -10.1499
. 200000 12,5200 -19.8099
. 300000 13.02062 ~-28.6272
. 4002000 12.3752 -36.4390
- 200000 11.46778 -47.2409
. 600000 1@.9529 -49.1211
~_ . 7060ad 1G.2262 -54.2050
~ . 800000 9.31361 -58. 6207
. 200000 8.82412 -42.48739
1.00000 9. 156209 -65.8926
1.20002 8.16209 —-65.8926
2. 00000 2.97028 -86.9013
. 00000 -. 3602035 —-28.8229
4.00000 -3.267869 -1@7.84%5
S.00000 -5.51138 -115.433
6.02000a -7.441Z@ -122.096
7.00000 -9.20749 -128.063
B.00G22 -13.8020 —-133.461
9.200020 -12.2770 -128.377
12.20000 -13, 46528 -142.376
10. 0000 ~-173,65328 -142.874&
28. 0000 ~24,.1164 -17Z.518
0. 2000 -Z1.3371 -1921.328B3
43. 2000 -36.952 -2@07.764
S0. 03O -41,3974 -2173.003
60 . ABAY ~35.5749 -220.159
70.9000 —4%, 0825 -225.841
8@. 300 —5a.16332 -220. 440
20.0000 ~S4,.9544 -234.,223
128. 200 ~-57.4906 -237.381
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Appendix F

an“.';— ‘o v

0l DA

Computer Aided Design(CAD) Package STOLCAT

AADOL

STOLCAT, written by the author and Captain Greg
Mandt (AFWAL/FIGX) takes body axis aerodynamic data and
transformns it into lateral and longitudinal state space
aircraft equations of motioun in the stability axis. The form
of these equations is in Appendix B. This thesis uses only
the longitudinal equations, but provides the lateral
equations for other Air Force Institute of Technology
students working with the same aircraft in their thesis. The
stability axis is chosen as the output axis to make the other
student's analysis simpler. The chdice has little effect on
this thesis since design is limited to the longitudinal mode.
The program is in FORTRAN 77, and set up to run interactive,

rather than batch.

F-1 DR

.....................................................................................
............................................
. .
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PROGRAM STOLCAT
4369633008 363096300 34836 3638 3036 T 0163638 34103 3038 3600 363616 36T6 100 303606 3036 36 00 36 1636 03 90 350 30369090 36000 0600 69530 30 06 006 0 00

v

Yo
e

PV

]
}
‘ C ,'.:_‘.
: Cc DECLARE VARIABLE TYPES T
| c
| 303038 3895 3836 3 36 0 30 3008 30 3038 30 0038 36 96 306 36 36303698 38 30 3830 36 3 3 3 35 08 306 9 336 36 35 06 36 38 30 30 30 38 38 3 36 36 30 30 346 06 30 36 30 38 34 46 4694 04 0
, REAL ALPHA,Q,S,C,B,Y, DTHETA, W,BIXX,BIYY,BIZZ, ;:,
1BIXZ, DALPHA, DPR, VT, e
2CZA,C20,C2U,CZD1,CZD2,CZD3,CZD4,C2DS,CDZ6,CD27,C2D8, :?;
i 3CxA, CxQ, Cxu,CXD1, CXD2, CXD3, CXD4,CXDS, CXD&, CXD7, CXDA, s
4CMA, CMQ, CMU, CMD1, CMD2, CMD3, CMD4, CMDS, CMD6&, CMD7, CMD8, DO
521, 2A, ZH, 2Q, 2U, ZD1, ZD2, ZD3, 2ZD4, 2D5, 2D6, ZD7, 2D, N
€XA, XH, XQ, XU, XxD1, XD2, XD3, XD4, XDJ, XDE, XD7, XD8, S
7M1, MA, MM, MG, MU, MD1, MD2, MD3, MD4, MDS, MD6, MD7, MD8
REAL CNB,CYB,CLByL4N
DIMENSION AMAT (4, 4), EBMAT (4, 8)
DIMENSION DIRMAT(S,S), DIREMAT(5,9)
CHARACTER#3 KEY, KEY1, DATA1, DATAZ, DATA3, RUN
CHARACTER#1 STAB1,STAB2
C 366 56463538 35 3 3848 3030 6 6 96 963630 30 3 3096 96 36 3 38 3 6 36 356 36 98 3646 3036 5636 43646 36 34 063608 36 30 03590 3006 30 30 98 3898 38 39 40 40 30 3030 30 06 31 0 46 %
Cc
[ INITIAL DATA VALUES FOR PROGRAM CHECK
c
G498 363690302090 3035 3 9636 3 3090463636 3036 30 36 36 303030 30 30 38 38 30 30 08 30 3640 30 36 3 36 4646 3036 36 98 3035 309030 303530 96 30 30 38 36 30 36 40 90 90 3 2 20 0 04 - A
DATA Q /48.1/,5 /6@8./, C /15.94/, B /42.7/, U /201./ };;
DATA DTHETA /11.8230/, DALPHA /11.82830/,W /33576.14/ RO
v DATA BIXX /23644./,BlYY /181847./,B122 /199674./,BIXZ /-3086. /7 'n;-
DATA CZA /-7.84976E-2/, CXA /1.5Q@95276E-3/, CMA /9.574118E-3/ ;Zf
raTA €zQ /0./, CXQ /0.7, CMG /-.16951603/ P?J
DATA CZU /-1.0£551597/, CXU /-6.1932E-3/, CMU /6, 394289E-2/ L
DATA CZIH /-1.676463E-4/, CXH /6.662777E-4/, CMH /1.76622E-4/
qu DATA CID1 /-2.63634E-3/, CXD1 /-1.552420£-3/, CMD{ /S.S7696E-3/
e T DATA CZb2 /-8.31S11E-3/, CXD2 /-2.749671E~-4/, CMD2 /-1.02066E~2/
. DATA CZD3 /-5.59102E-3/, CXD3 /1.157373E~-3/, CMD3 /8.52187E~-4/
DATA CZD4 /-4.5Q843E-3/, CXD4 /9.4211093E-4/, CMD4 /-2.11118E-3/
DATA CZDS /1.89634%E-3/, CXDS /-3.120989E-3/, CMDS /2.5S5459E-3/
DATA CIDE /-7.422954E-4/, CXD& /~3.5956S6E-3/, CMD6 /-1.30123E-3/
DATA CZD7 /1.896349E-3/, CXD7 /-3.120989€-3/, CMD7 /2.55459E-3/
DATA CZD8 /-7.422954E-4/, CXD8 /~3.595658E-3/, CMD8 /-1.30123E-3/
DATA CLB /-2.973933E-3/, CNB /-5.506S05SE-4/, CYB /-1.637941E-2/
DATA CLP /-5.740524E-3/, CNP /-2.3099719E-3/, CYP / ©.000000000/
DATA CLR / 3.9@2348E-3/, CNR /-3.69981351E-3/, CYR / Q. 203020000/
DATA CLD1/1.@@d17E-4/, CND1/-~1.3256E-3/, CYD1/3.Q6REE-3/
DATA CLD2/-1.14999E-4/, CND2/5.1323E-4/, CYD2/1.313%E-3/
DATA CLDZ/8.S104E-4/, CND3/4,.4837E-4/, CYDI/-1.06_22E-3/
DATA CLD4/7.S5284E-4/, CND4/7.6128E-5/, CYD4/-1.5235E-4/
DATA CLDS/€.995%E-4/, CNDS/@.Q@/, CYDS/Q.00/
DATA CLD6/9.681EE-5/, CND&/1.S5934E-4/, CYDE/R2.Q/
DATA CLD7/-3.7897E-%/, CND7/1.8357E-4 ', CYD7/0.9/
DATA CLDB/-9.681EE-S/, CND8/-1.5334E-4/, CYD8/0.0/
DATA CLD9/3.7897E-5/, CND3I/-1.8357e-4/, CYDI/0.0Q/
DPR = S57.235773S
CAE3 3038 9033630 3646363500 36 36 36 38 36 26 38 30 30 36 38 38 36 96 36 36 3630 036 30 T35 95363490 90 35 30 30 00 30 30 30 3 30 48 90 30 40 36 690 9 36 3 04 30 06 36 30 90 34 06 00 20 4 0
c
C SCREEN INFO PACKAGE
T YT TR X LIRSS NSRS ST LTS ILN LRSS LSS LIS IS A S S L d Al d -
WRITE(*,5) N
] FDRMQT(IX,'i*******l{***i*%l***l**i*i*’**}Q&{l*i**%iil&i&’&*i.i') :J*
»':\
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WRITE (#, 10)

FORMAT (1X, ? ### STABILITY DERIVATIVE TRANSFORMATION PROGRAM
WRITE (%, 20Q)
FDRMRT(IX,'*l’l**l&l**i***i’fffi##&{’iffiﬁiﬁfifiliiﬁﬁiifiiﬁliii')
WRITE (%, 100)

FORMAT (1X, *ENTER BODY AXIS (NON-DIMENSIONALIZED) COEFFICIENTS ')
WRITE (», 101)

FORMAT (1X, ' FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS')
WRITE (%, 102)

FORMAT (1X,*AND TO GENERATE STATE AND INPUT MATRICES.')
WRITE (*#, 41)
FORMAT (1X, * NOTE:
CONTINUE
WRITE (#, 30)
FORMAT (1 Xy * 3553038303030 360 36 300030 30640 200 I 300 3 200 0 SRR RN R RN RERERT )
WRITE (%, 106)

FORMAT(1X, ' TO TRANSFORM ONLY LONGITUDINAL DATA - TYPE LONG®)

WRITE (%, 107) N
FORMAT (1X, ' TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATA ~ TYPE LAT')
WRITE (#, 108)

FORMAT (1X, ' TO TRANSFORM BOTH LONG AND LAT-DIR DARTA - TYPE BOTH')
WRITE (%,111)

FORMAT (1X, * KEYWORD = ")

READ (#, 109) KEY

FORMAT (R3)

IF(KEY .EQ. 'LAT') GO TO 104

IF(KEY .EQ. "LON') GO TO 104

IF(KEY .EQ. 'BOT') GO TO 104

IF(KEY .EQ. 'GAM') 60 TO 596

GO TO 103

wnnt)

ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING®)

T30 30 30 369636 36 3 3530 336 3 30 30 3 3 30 330 3 38 203 3 30 38 3 30 30 3 3 2 30 5 335 35 35 35 35 36 T 30 330 3 38 30 30 30 3 3k 3 30 30 36 30 30 34 A 36 3 338 3 3 2

c
c
c

INPUT DATA

C 39 4630 396 30 30 3634 6 30 98 3630 35 030 00 30 30 30 3 A0 3190 30 30 40 30 30 90 30 30 3 303030 05 20 30 0 A0 3040 90 30 303095 30 30 0 30 36 3 30 08 36 340 0 90 3 030 3 0

104
S2@
510

S72

CONTINUE

WRITE (%, 500)

FORMAT (1 X, T S50 0050500000005 35 1000 3R R R R 20T )
WRITE (#,510)
FORMAT (1X,'Q
READ(»,») O

WRITE (#, S2@)
FORMAT(1X,'S
READ(#,#) S

WRITE (%, 532)
FORMAT (1X,'C
READ (#,#) C

WRITE (»,540)
FORMAT (1X,'B
READ(#,#) B

WRITE (#, S550)
FORMAT (1X,'VT (TRIM VELOCITY - FT/SEC) = ')
READ (#,%) U

VT=U

WRITE (#,560)

FORMAT (1X, ' THETR (PITCH ANGLE ~ DEGS) = ')

READ (#,#) DTHETA

WRITE (#,570)
FORMAT (1X,*W
READ (%, #) W

(DYNAMIC PRESSURE - LBS/FT#x2) = )
(WING REFERENCE ARER - FT##2) = ')
(WING MEAN RERODYNAMIC CORD - FT) = ")

(WING SPAN - FT) = *)

(WEIGHT - LBS) = ')
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PROGRAM STOLCAT
o TXYRSZ ST YRS S SRR TR 2N 22 2 2R 2 S R e E e Rt R e L eSS 2 TN

';“i

c Ao

[ DECLARE VARIABLE TYPES ﬁ;ﬂ

c \
r

TR 50003300030 3036 303 3630330 36 35 36 36 38 335 36 3 3 36 3 3 T6 30 36 3 I 30 20 38 3 30 69 3635 3696 4536 36 96 46 48 38 0 38 395 9 36 T 36 9 3 3 35 308 4 9 36 34 9% %

REAL ALPHA, 4, S, C, B, U, DTHETA, W, BIXX, BIYY, BIZZ,

tBIXZ, DALPHRA, DPR, VT,
2czn, €26, C2U, €2D1, CZD2, CID3, C2D4, CIDS, CD26, CDZ7,CID8,
3CXA, CX0, CXU, CXD1, CXD2, CXD3, CXD4, CXDS, CXD6, CXD7, CXDS,
4CMA, CME, CMU, CMD1, CMD2, CMD3, CMD4, CMDS, CMD6, CMD7, CMD8,
511,20, IH, 28, ZU, ZD1, ZD2, ZD3, 2D4, 2DS, 2D6, ZD7, ZD8,
6XA, XH, Xa, XU, XD1, XDz, XD3, XD4, XDS, XD6, XD7, XD8,

7M1, MR, MH, MQ, MU, MD1, MD2, MD3, MD4, MDS, MD6, MD7, MD&

REAL CNB,CYB, CLB,L,N

DIMENSION AMAT (4, 4), BMAT (4, 8)

DIMENSION DIRMAT(S,S), DIRBMAT (5, 3)

CHARACTER*3 KEY, KEY1, DATA1, DATA2, DATA3, RUN

CHRRACTER*1 STAB1,STAB2
303830 06 30 06 300 300 30036036 303600 30030 0030 00030 00 300030 3044 30 000000 3000 T 3 00 30000000 3360 006 0 S S R R R

c
c INITIAL DATA VALUES FOR PROGRAM CHECK
c .
CHM 03T U053 30 2031 33 T30 T 6T T T30 3 S0 0 A0 3030 0600 00 S 3 A 300 30 003 0036300 300 000 0 0 20 -
DATA G /48.1/,8 /6@8./, C /15.94/, B /42.7/, U /201./
DATA DTHETAR /11,8030/, DALPHA /11.8230/,W /33576.14/
DATA BIXX /23644./,BIYY /181847./,B1IZ 7199674./,BIXZ /-3086./
DATA CIR /-7.84976E~2/, CXA /1.5@95276E~3/, CMA /9.574118E-3/
DATA CZQ /0./, CXR s/0./, CMQ /-. 16351603/
DATA CZIU /-1.06551597/, CXU /-6.1932E~3/, CMU /6.394289E-2/
DATA CZH /-1.676463E-4/, CXM /6.662777E~4/, CMH /1.76622E-4/
DATA CID1 /-2.63634E-3/, CXD1 /~1.552420e-3/, CMD1 /5.57696E-3/
DATA CZD2 /-8.31S511€-3/, CXb2 /~2.749671E-4/, CMD2 /-1.@2066E-2/
DATA CZD3 /-5.59102e-3/, CXP3 /1.157373E-3/, CMD3 /8.52107E-4/
DATA C2ZD4 /-4.5QB843E-3/, CXD4 /9. 4211093€~4/, CMD4 /-2.1111BE-3/
DATA CZIDS /1.896349E-3/, CXD5 /-3.120989€-~3/, CMDS /2.%55459E-3/
DATA CZD6 /-7.422954E-4/, CXDE /-3.595656E~-3/, CMD6 /-1.30123E-3/
DATA CZD7 /1.836349E-3/, CXD7 /-3.120989%€E-3/, CMD7 /2.55459E-3/
DATA CZD8 /-7.4282954E-4/, CXD8 /-3.595658E-3/, CmMD8 /-1.3@123E-3/
DATR CLBE /-2.973933€-3/, CNB /-5.5065S055E~4/, CYB /-1.637941E-2/
DATA CLP /-S.740524E-3/, CNP /-2.3099719€~-3/, CYP / ©@.000000033/
DATA CLR / 3.902348E-3/, CNR /-9.6998151E~3/, CYR / @. 232020003/
DARTA CLD1/1,Q@@17E-4/, CND1/-1, 325€6E-3/, CYD1/3.Q6R6E-3/
DATA CLD2/-1.14939€-4/, CND2/5.1323E-4/, CYD2/1.3133E-3/
DATA CLD3/8.51Q4E-4/, CND3/4.4837€-4/, CYD3/-1.@622E-3/
DATA CLD4/7.S284E-4/, CND4/7.61328E-5/, CYD4/-1.S523S5E-4/
DATA CLDS/6.9959€-4/, CNDS/0.20/, CYDS/Q.Qd/
DATA CLDE/9.6816E-5/, CND6/1.5334E-4/, CYD6/Q.8/
DATAR CLD?7/-3.7837€-5/, CND7/1.8357€-4/, CYD7/0.0/
DATA CLDB/-9.6816E-5/, CND8/-1.5934E-4/, CYD8/0.0/
DATA CLD3/3.78%7E-5/, CNDS/-1,8357€-4/, CYDI/0.Q/
DPR = §7,295779S5
T T390 30003 0630036 30T 00 T30 060030 0030 36T 30 36 T 30306 30300 3000 003000 300000 0000 4 00030 30046 0006 00 J6 46 S 20 08

c
c SCREEN INFO PACKRGE
c
TR0 303 6T A0 335300630 30 3030 30 303030 3 3000 33036 0 2 0960 S 36363 0 3 3 0 0 36 A3 3TN O
WRITE (%, 5)
S FORMQT(1X,'{*ﬁ***&***4&*4&4*Qi*&;**&bl*i&c;;&&ﬁ«&«&*a*{«&&f#&*&‘)
ORIV VAR AR RO St
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FANRUES RV ARAS AN

Pl RN Lok, d Adry ~ ARCANL M g Cal Calt i i . (8 oh e, » 2 . 1A 44
Lo |
] WRITE (», 1@)
; 12 FORMAT (1X, * ### STABILITY DERIVATIVE TRANSFORMATION PROGRAM *#%t)
| WRITE (», 20)
I 20 FORMAT (1 X, ? 35380553 5-06-36350635 30330304636 0000 05 363030350606 0630 30000606 3300 RN RY )
\ WRITE (%, 100)
I 192 FORMAT(1X,"ENTER BODY AXIS (NON-DIMENSIONALIZED) COEFFICIENTS ')
| WRITE (#,101)
} 191 FORMAT(1X,'FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS')
’ WRITE (#, 102)
! 102 FORMAT(1X,'AND TO GENERATE STATE AND INPUT MARTRICES.')
’ WRITE (%, 41)
41 FORMAT (1X,*NOTE: ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING')
103 CONTINUE
WRITE (%, 30)
30 FORMAT (1 Xy ¥ 4195 0030030300636 235360096 300 A RN R R RN R R AR R ERRRRRRRR SRR )
WRITE (%, 106)
106 FORMAT(1X,'TO TRANSFORM ONLY LONGITUDINARL DATA - TYPE LONG')
WRITE (%, 187) - : -
107 FORMAT(1X,'TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATR - TYPE LAT')
WRITE (#, 128)
198 FORMAT(1X,'TO TRANSFORM BOTH LONG AND LAT-DIR DATA - TYPE BOTH')
' WRITE(#,111)
111 FORMAT(1X,'KEYWORD = ")
READ (#, 109) KEY
129 FORMAT(A3)
IF(KEY .EQ. 'LAT') GO TO 104
* IF(KEY .EQ. 'LON') GO TO 104
IF(KEY .EQ. 'BOT*) GO TO 104
IF(KEY .EQ. 'GAM’) GO TO 596
GO TO 103
& CH2606.36.030- 963096 300530 309090 636 30303000 3630 38 306 460030 3 T3 00000 003 0 A0 3 00 0 0 0 NN %
- c
c INPUT DATA
c
01800303 36900 36 303030 30400030 300 30 0030 40 3030 0030330000 01 T30 30 00 3008 360000 30 00 00 100030 00 30 330 A0 00 200 00 36 3 4040 2 0
184 CONTINUE .
WRITE (%, 5@9)
SO  FORMAT (1 Xy ¥ 30350350800 000 0500 0000160 00 01 0 06000000004 00 000000 3 00 0 SIS S Y )
WRITE (%, 510Q)
510 FORMAT(1X,'Q (DYNAMIC PRESSURE - LBS/FT##2) = ')
READ(#, %) @
WRITE (#, 52@)
520 FORMAT(1X,'S (WING REFERENCE AREA — FT#x2) = 7)
READ(#, %) S .
WRITE (%, 5330)
S30 FORMAT(1X,°'C (WING MEAN RERODYNAMIC CORD - FT) = ')
READ(#, %) C
WRITE (#, 540)
548 FORMAT(1X,'B (WING SPAN - FT) = *)
RERD (%, %) B
WRITE (#, 550)
S5@ FORMAT (1X,'VT (TRIM VELOCITY - FT/SEC) = ')
READ (#,#) U
vVT=U
WRITE (#, 560)
SEQ@ FORMAT (1X,'THETA (PITCH ANGLE - DEGS) = ')
READ(#,#) DTHETA
WRITE (#,570)
572 FORMAT(1X,'W (WEIGHT - LBS) = ')

READ (%, %) W
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WRITE (%, 575)

575 FORMAT (1X,* INERTIAS MUST BE INPUT IN BODY RXIS.')
WRITE (%, 580)

G800 FORMAT(1X,?IXX (SLUG-FT##2) = ')
READ (%, %) BIXX
WRITE (%, 585)

58S FORMAT (1X,? IYY (SLUG-FT##2)
RERD (%, #) BIYY
WRITE (%, S90)

S92 FORMAT(1X,'IZZ (SLUG-FT##2)
READ (%, #) BIZZ
WRITE (%, 595)

595 FORMAT(1X,'IXZ (SLUG-FT##2) = ')
READ (%, ) BIXZ

536 CONTINUE

) WRITE (%, 597)

ST7  FORMAT (1Xy T 4651000096036 35055696306 9696 06 36350696 95 3000 3548 90 3608200 359600 3630 4606 036 106 D )
WRITE(%,610) ’ o ’ N

610 FORMAT (16X, * AIRCRAFT PARAMETERS?)
WRITE(#,615) Q

615 FORMAT(1X,'Q (DYNAMIC PRESSURE - LBS/FT##2) = ' G13.6) .
WRITE (#,620) S -

")

)

€20 FORMAT(1X,'S (WING REFERENCE AREAR — FT##2) = ' G13.6) o
WRITE (%, 625) C e
€25 FORMAT(1X,'C (WING MEAN RERODYNAMIC CORD - FT) = ' G13.6) : R
WRITE(%,630) B o
632 FORMAT(1X,'B (WING SPAN - FT) = ' ,G13.6)
WRITE (#,635) U -]
€35 FORMAT(1X,°'VT (TRIM VELOCITY - FT/SEC) = ',513.6) T
- WRITE (#,64@) DTHETA ¥
== 642 FORMAT(1X,'THETA = * G13.6)
- WRITE(%,645) W
€45 FORMAT(1X,'W (WEIGHT - LBS) = ' G13.6)
WRITE (#,65@) BIXX
€S0 FORMAT(1X,'IXX (SLUG-FT##2) = ' ,G13.6)
WRITE (#,655) BIYY
€55 FORMAT(1X,’IYY (SLUG-FT##2) = ',513.6)
WRITE (#,660) B1Z2
€c®d FORMAT(1X,*IZZ (SLUG-FT##2) = ' G13.6)

WRITE (%, 665) BIXZ
€65 FORMAT(1X,'IXZ (SLUG-FT##2) = ',G13.6)
WRITE (%, 67@)
E7Q  FORMAT (1 Xy 7 404305000980 350 300 30 2000 30 I3 00 3300002 00 3 30 IE I E33 4 J 0T S J S 0T )
€22 CONTINUE
WRITE (#,675)
675 FORMAT(1X,'IS THE ENTERED DATA CORRECT ? (YES/NO) ')
READ(#, 680) DATA3
688 FORMAT(A3) K
WRITE (#, £85) A
€8S FORMAT (1 Xy T M99 3305 3530983533036 06 96 300 38909 054050 20463363048 950 95301606 90 30396 06 300 B 2 0 T )
IF(DATA3 .EQ. 'NO *) GO TO 124 e
IF(DATA3 .EQ. 'YES') GO TO 686 A
GO TO &Q@ .
€86 CONTINUE 1
WRITE (%, 125) 3
125 FORMAT(1X,'ALPHA (DEG) = ') -
READ (#, #) DALPHA

c CHANGE FROM DEGREEZS TO RADIANS
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c:'.
THETA = DTHETA/DPR oo
ALPHA = DALPHA/DPR A
IF(KEY .EQ. "LAT")GO TO 446 sy
IF (KEY .EQ. 'GAM’)GO TQ 97 ,:,
c
C  INPUT LONGITUDINAL VARIABLES :
c T
WRITE (%, 11@) SN

11@ FORMAT (1X,'CZA = ') s
READ (%, %) CZA o
WRITE (#, 12@) -

120 FORMAT(1X,'CXA = 7) o
READ (%, #) CXA ol
WRITE (#, 132) b

130 FORMAT(1X,'CMA = ?) E‘-
READ (#,#) CMA N
WRITE (#, 14@) .

140 FORMAT(1X,'CZQ = *) N
READ (#, #) CZQ
WRITE (%, 150)

156 FORMAT(1X,'CXQ = %) .
READ (%, #) CXQ - : 2
WRITE (%, 16@) -

160 FORMAT(1X,°'CMQ = ') .
READ (%, #) CMQ . o
WRITE (#, 170) , DAY

170 FORMAT(1X,'CZU = *) e
READ (%, #) CZU }¢:
WRITE (%, 180) NN

180 FORMAT(1X,°CXU = ') B
READ (%, #) CXU
WRITE (%, 19@) A

199 FORMAT(1X,'CMU = ") i
READ (%, #) CMU s
WRITE (%, 191) .y;:

191 FORMAT(1X,'CZH
READ (#, #) CZH e
WRITE (%, 192) O

192 FORMAT(1X,'CXH = *) :
READ (#, #) CXH
WRITE(#, 193)

193 FORMAT(1X,'CMH = ')
READ (#, %) CMH
WRITE (#, 200)

200 FORMAT(1X,'CID1 = *)
READ (#, #) CZD1
WRITE (+, 202)

202 FORMAT(1X,'CXD1 = ')
READ (%, #) CXD1 -
WRITE (%, 204) -

284 FORMAT(1X,'CMDL = ')
READ (#, #) CMD1 RO
WRITE (#,206) .

06 FORMAT(1X,'CZD2 = *) S
READ (#,#) CID2
WRITE (%, 208) ¥

&08 FORMAT(1X,'CXD2 = ') ;
READ (#, #) CXD2 S
WRITE(#,210)

Z1@ FORMAT(1X,°'CMDZ = *)

F-7




9 -

S READ (%, #) CMD2

- WRITE(#,212)

. 212 FORMAT(1X,'C2D3 = ')
; READ (#, #) CZD3

~ WRITE(#,214)

214 FORMAT(1X,'CXD3 = ')
READ (%, #) CXD3
WRITE(#,216)
216 FORMAT(1X,°CMD3 = ')
READ (#,#) CMD3
WRITE (%,218)
218 FORMAT(1X,'CZD4 = ')
READ (%, %) CID4
WRITE (%, 45)
45  FORMAT(1X,'CXD4 = ')
5 READ (#, #} CXD4
o WRITE (%, 5@)
2 - 5@ FORMAT{1X,°CMD4 = *)
READ (#, #) CMD4
WRITE (%, 55)
B S5 FORMAT(1X,'C2DS = *)
. READ (%, %) CZDS
WRITE (%, 60)
60 FORMAT(1X,'CXDS = 1)
READ (#,#) CXDS
- WRITE (%, 65)
- 65 FORMAT(1X,"CMDS = *)
. * RERD (%, #) CMDS5
oy WRITE (%, 7@)
78 FORMAT(1X,'CZD6 = ')
- READ (%, %) CID6
y WRITE (%, 75)
o T 75 FORMAT(1X,'CXDE = ')
- READ (%, ®) CXD6
: . WRITE (%, 80)

RS T
LR "; N h Y
AR
AR

]
2’

- -] FORMAT(1X,°CMD6 = *)
R READ (*, %) -CMD6
a ) WRITE (%, 85)
. s FORMAT (1X,*CZD7°)
READ (#, %) CZID7
. WRITE (%, 88)
. 88  FORMAT (1X,°CXD7%)
B READ (%, #) CXD7
- WRITE (%, 99)
" 90 FORMAT (1X,CMD?7 = ')
ook READ (#, %) CMD7
" - WRITE (%, 92)
. 92 FORMAT (1X,'CZD8 = ')
o READ(#,#) CZD8
WRITE (%, 94)
. 94  FORMAT(1X,'CXD8& = ')
0 READ (#, %) CXxD8
. WRITE (%, 96)
- 96 FORMAT (1X,'CMD8 = ')
S READ (%, ») CMD8
97 CONTINUE
WRITE (%, 225)
FORMAT (1 X, T HMBHARHERERARERRER TR RRRT B AR RRRBERR AR RRRERRAR RN )
WRITE (#,230) DALPHA
FORMAT (15X, *ALPHA =',Gi3.6)
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WRITE (%, 343)
FORMAT (6X, ' LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)')

CAL = COS(ALPHR)
SAL = SIN(RLPHR)
COSSQ = CAL#=2

SINSQ = SAL##2

COSSIN = CAL#SAL
CTH = COS(THETR)
STH = SIN(THETR)

WRITE (#, 360) CZA,CMA,CXA

FORMAT (3X,*CZA = Y,613.6,8X,'CMA = ' ,613.6,5X,'CXA = *,G13.6)
WRITE (#, 390) CZQ,CMQ,CXQ

FORMAT (3X,'CZQ = *',613.6,8X,'CMQ@ = *',613.6,5X,'CXQ = * ,613.6)
WRITE (%, 429) CZH,CMH,CXH

FORMAT (3X,'CZH = ' ,613.6,8X,'CMH
WRITE (%, 413) CZU,CMU,CXU

FORMAT (3X,'C2U = *,G13.6,8X,"CMU = ' ,G613.6,5X,"CxXU = *,G613.6)
WRITE (%, 379) CZD1,CMD1,CXDi

FORMAT (2X,*CZDt = *,G13.6,7X,'CMDt = ',G13.6,4X,°'CXDi = *',G13.6)
WRITE (%, 380) CZD&,CMD2, CXD2

FORMAT (2X,°CZD2 = ',G13.6,7X,'CMD2 = *,G613.6,4X,'CXD2 = ',G13.6)
WRITE (%, 381) €ZD3,CMD3,CXD3

FORMAT (2X,°'CZ2D3 = ' ,G13.6,7X,'CMD3 = *',613.6,4X,'CXD3 = *,613.6)
WRITE (#, 382) CZD4,CMD4,CXD4

FORMAT (2X,'CZD4 = ',G13.6,7X,'CMD4 = ' ,G613.6,4X,'CXD4 = ?,G13.6)
WRITE (», 383) CZDS,CMDS, CXDS

FORMAT (2X,*CZDS = *,G13.6,7X,'CMDS = *,G13.6,4X,'CXDS = *,613.6)
WRITE (», 384) CZD6,CMD6,LCXD6

FORMAT (2X,'CZD6 = ',G613.6,7X,'CMDe = *,G13.6,4X,'CXDé = *,613.6)
WRITE (%, 385) CID7,CMD7,CXD7

FORMAT (2X,'CZD7 = ',G13.6,7X,'CMD7 = ',613.6,4X,'CXD7 = *,G13.6)
WRITE (#», 386) CZD&,CMDA, CXxD8

FORMAT (2X,*CZD8 = ',G13.6,7X,'CMD8 = ' ,G13.6,4X,’CXD8 = *,G13.6)
WRITE (%, 310)
FDRMQT(lX,'*lili**{*********!*}*i{*{{*{{***{i*‘**il*l*ili&*{iil')
CONTINUE

WRITE (#, 320)

FORMAT (1X,* IS THE ENTERED DATA CORRECT ? (YES/NO) *)

READ (#, 330) DATA1L

FORMAT (R3)

IF(DATA1 .EG. 'NO ') GO TO 686

IF(DATA!l .EQ. 'YES') GO TO 3490

60 TO 315

', 613.6,5X,'CXH = *,G13.6)

STRART THE CALCULATIONS TO BUILD LONG. STARTE SPACE MODEL

CONTINUE

WRITE (#, 420)

FORMAT (L, * 5003030303635 306 340 3096 30 360030 0000 38 306 T 303006069046 969 3306 S0 2 R ) o
I1 = (QuS*32.2)/W B
A = C/(2.0*) ce
THETA = DTHETA/DPR )

ZA = Z1#CZA*DPR S
IH = (Z1/U)#CZH Cl
10 = Z1#A*CZQ*DPR -
IU = 2.#(Z1/W)*CZU e

ID1 = Z1#CIZID1#DPR -
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PR A

720

795

712

782

732

D2
ZD3
ID4
DS
ipe
ZD7
Zp8

21+CZD2#DPR
Z1#CZD3+DPR
21#CZD4+DPR
Z1#CZDS+DPR
21#CZD6+DPR
Z1#CZD7%DPR
Z1#CZDB8#DPR

XR
XH
XQ
XU
XD1
Xpa
XD3
XD4
XDS
Xpe
XD7
xpa

Z1#CXA#DPR
(Z1/7U) #CXH
Z1#A*CXQ%DPR
2.%#(Z1/U)#CXU
21#CXD1#DPR
Z1#CXD2+DPR
Z1#CXD3#DPR
Z1#CXD4#DPR
Z1#CXDS#DPR
21#CXD6#DPR
Z1#CXD7#DPR
Z1+CXD8»*DPR

M1 (Q#S*C) /BIYY

MA
MH
Ma
nu
MD1
mp2
MD3
mMDa
MDS
mMD&
MD7
MDa

M1 #CMA®DPR
(M1/7U) #CMH
M1#A*CMQ#DPR
2.%#(M1/U) «CMU
M1#CMD1#DPR
M1#CMD2#DPR
M1#CMD3#DPR
M1#CMD4#DPR
M1#CMDS#DPR
M1#CMDE#DPR
M1%CMD7%DPR
M1#CMDB8#DPR

WRITE THE DERIVATIVES
WRITE (%, 700)

WRITE (%, 705)

FORMAT (15X, 'BODY AXIS (1/RAD)')
WRITE (#,713) ZA,MA, XA

FORMAT (4X,°ZA = ',613.6,9X%,'MA =
WRITE (#,720) 2Q,MQ, XQ

FORMAT (4X,'2Q = *,G13.6,9X,°'MQ
WRITE (#,738) ZH,MH, XH

FORMAT (4X,'ZH = *,G13.6,9X, " MH
WRITE (#, 740) ZU, MU, XU

FORMAT (4X,'ZU = *,613.6,9X,'MU =
WRITE (#,750) ZD1,MD1, XD1

FORMAT (3X,'2D1 = ',G13.6,8X, 'MD1
WRITE (#, 76@) ZD2,MDZ, XD2

FORMAT (3X,'2D2 = ',G13.6, 8%, 'MD2
WRITE (#, 77@) D3, MDZ, XD3

FORMAT (3X,'2D3 = ',BG13.€,8X, 'MD3
WRITE (%, 780) ZD4,MD4, XD4
FORMAT (3X, ' 2D4 = ',G13.6, 8X, 'MD4
WRITE (%, 73@) 2DS,MDS, XDS

FCRMAT (3X,'2DS = ',G13.6,8X, 'MDS

FORMAT (S5X, *LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES?') E;
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', 613.6,6X, ' XA

',613.6,6X%,'XQ

*,G13.6,6X,'XH = *,G13.6)

',G13.6,6X,'XU = ',G13.6)

= *,B13.6,5%, ' XD1
= *,613.6,5X, ' XD2
= ',613.6,5X, ' XD3
= *',G13.6,5X, " X04

=',613.6,5X%,'XxDS
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: WRITE (%, 808) ID6&, MD6, XD6
: 809 FORMAT(3X,*ZDE = ',G13.6,8X,'MD6 = ',G13.6,5X,'XD6 = ',513.6)
WRITE (%, 81@) ID7,MD7,XD7
810 FORMAT(3X,'2D7 = *,G13.6,8X,'MD7 = *,G13.6,5X, ' XD7
WRITE (%, 820) ID8,MD8, XD8
820 FORMAT(3X,'ZD8 = !,G13.6,8X,'MD8 = *,G13.6,5X,?XD8 = *,513.6)
WRITE (%, 83@)

1,613.6)

830 FORMAT (1 X,y T #3400 3 33 353360 33 4 3038 33 I I 3333 00063 MR RN )
C .
c DEVELOPMENT OF STATE MATRICIES :
c
c DEVELOPMENT OF THE PLANT MATRIX - A
c
VT=u !
AMAT(1,1) = XU
AMAT (1,2) = —-VT*SAL
AMAT (1,3) = XA
AMAT (1,4) = =Z: 2#CTH -
AMAT (2, 1) = MU
AMAT (2,2) = MQ
AMAT (2,3) = MA
AMAT (2,4) = 8.0
AMAT (3,1) = ZU/VT -
AMAT (3,2) = CAL
AMART (3, 3) = ZA/VT
AMAT (3,4) = -32.2%STH/VT
AMAT(4,1) = 8.0
AMAT (4,2) = 1.0
AMAT (4,3) = 2.0
AMAT (4,4) = 0.0
c
C OK, LET'S WRITE THIS SUCKER OUT
c

WRITE (#, %)
WRITE (%, 850)
85@ FORMAT(?1',5X,'LONGITUDNAL STATE MATRIX (BODY AXIS)')
WRITE (%, %)
WRITE (%, 842)
842 FORMAT('@’,2X,'FOR STATE1=U, STATE2=Q, STATE3=ALPHA, STATE4=THETA?)
WRITE (%, %)
DO 8S5 I=1,4
WRITE (%, 860) (AMAT(I,J),J=1,4)
855 CONTINUE
863 FORMAT(*'Q@’,2X,4(G13.6,4X))
WRITE (%, #)

c
c NOW WE'LL GET THE INPUT MATRIX - B
c

BMAT(1,1) = XD1

BMAT(1,2) = XD2

EMAT(1,3) = XD3

BMAT(1,4) = XD4

EMAT(1,5) = XDS

BMAT(1,6) = XD6

EMAT(1,7) = XD7

EMAT(1,8) = XD8

EMAT (Z,1) = MD1

BMAT (2,3) = MD2

EMAT (2, 3) = MD3

EMAT(2,4) = MD4
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BMAT (2, 5)
BMAT (2, 6)
BMAT (2, 7)
BMAT (2, 8)
BMAT (3, 1)
EMAT (3, 2)
. EMAT (3, 3)
) BMAT (3, 4)

mDS .
mMDé6 "
mp7 s
mMD8 Y
ZDI/VT o
zD2/VT
1D3/VT ’
ZD4/VT .
BMAT(3,5) = IDS/VT o
BMAT(3,6) = ID6/VT oy
BMAT(3,7) I07/VY Iy
BMAT(3,8) = 2DB/VT Cnf
DO 865 1=1,8 Ced
BMAT(4,1) = 0.0
865 CONTINUE

l”".l

‘%

-

.
EARVE it
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ARIN
)
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PRINT OUT THE LONG INPUT MATRIX

[z Raly]
'

o
v

v N Y

2 g 4 g

b . WRITE (w, #)

P, WRITE (», 87Q)

F. 870 FORMAT( '@’ ,5X,'LONGITUDNRL INPUT MATRIX')
y WRITE(®, #) . ' £

WRITE (», 868) - £

" 868 FORMAT (2X,'FOR DEL 1=CANARD, DEL2=STAB, DEL3=TEF, DEL4=DR AILERON®)

& WRITE(#,869)

.

Lo

¢
B h

869 FORMAT (2X,* DELS=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV')
. ' WRITE (#, #)
¢ WRITE (#, #)
= WRITE(#,871)
- 871 FORMAT('@',5X,*ROW1’, 11X, *ROW2', 11X, ' ROW3', 11X, *ROW4')
P WRITE (%, #)
- DO 872 I=1,8
AN ) WRITE (#, 880) (BMAT(J, 1), J=1,4)
- 872 CONTINUE
5 WRITE (#, #)
. 875 CONTINUE
L : WRITE (#,873)
873 FORMAT(1X,' DO YOU WANT STAB AXIS DATA FOR LONG?(Y/N)')
READ (#,874) STAB1
S 874 FORMAT (A1)
g IF ¢ STABY .EG. 'Y’ ) GO TO 877
h IF ( STAB1 .EQ. 'N' ) GO TO 857
- GO TO &7S
. 877 CONTINUE
- c
e CHRBRERRBIW T I AT IIRI 3550096903036 0 10000300000 3000 02 30 36 3530 0 3 %32
Cs »
Ce» CONVERT BODY AXIS DATA TO STABILITY AXIS *
Ce (FOR CHECK WITH MCRIR DATRA) »
C» *
*
*

1
C» .
C{.!QQQQ{Q‘I’!}!’Q‘Q!*0Q9’}QQlﬂQl!{QlililQ..Q.’l.QQ’QQ.Q!Q'Q ;.'.‘
[ .

SMU =( MU#CAL + (MA/U)*SAL+CAL) .

.
o

SMM =( ( SMU / MU ) # MH ) .

S¥A =( MA # COSSQ - MU # U # SAL ) o
. SMQ = MQ o
.- SMD1 = MDi -
S smD2 = mMD2 RS

§¥D3 = MD3 A
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721
702

711
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-

731
741
751
761
771
781
791
aat
8i1

821
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SMD4
SMDS
SMDe
sMD?7
SMD8

mD4
MDS
mD6
mD7
MD8

SXU=XU#COSSQ+ (ZA/U) #*SINSQ«CAL+ ({XA/U) #CAL+ZU) #SAL*CAL
SXH = (SXU/XU)#XH

SXA = XA#CAL##3 -U#ZURSINSQ - (Li*XU - ZA#CAL)+*CAL#SAL
SXG =( XQ#CAL + ZIG#SAL )

SXD1 = (XDi#CAL + ID1#SAL)

SXD2 =( XD2#CAL + ZD2#SAL)
SXD3 = (XD3#CAL + ID3#SAL)
§XD4 = (XD4#CAL + ID4#SAL)
SXDS = (XDS#CAL + IDS#SAL)
SXD6 = (XDE#CAL + ID6#SAL)
SXD7 = (XD7#CAL + ZD7#SAL)
SXD8 = (XD8#CAL + 2D8#SAL) -

SZU=ZU#COSSA-(XA/U) #SINSQ#CAL - (XU-(ZR/U) #CAL) #*SAL#CAL

SZH = (SIU/ZIU) « ZIH

SZA=ZA#CAL##3 + UnXUsSINSQ - (U#ZU + XA#CAL) #CAL#SAL .
SZQ = (Z0Q+CAL - XQ#SAL) -

SID1 = (ZD1#CAL - XDi#SAL)
SZD2 = (IZD2#CAL - XD2#SAL)
SID3 = (ID3#CAL - XD3#SAL)
SID4 = (ZD4#CAL - XD4#SAL)
SIDS5 = (IZDS#CAL - XDS#SAL)
SID6 = (ZDE#CAL - XD6#SAL)
SID7 = (ID7=CAL - XD7#SAL)
SID8 = (IDa»CAL - XDB#SAL)

WRITE (%, 701)

FORMAT (*@°,SX,°LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES')
WRITE (#,702)

FORMAT (15X,* STABILITY AXIS (1/RAD) ')

WRITE(#,711) SZA, SMA, SXA

FORMAT (4X,'2A = *,G13.6,9X,'MR = * ,G13.6,6X,"XA = ',613.6)
WRITE(#,721) SIQ,SMQ, SXQ

FORMAT (4X, 720 = ',G13.6,9X,'M2 = *,G13.6,6X,'XQ = *,613.6)
WRITE(#,731) SZH,SMM, SXH

FORMAT (4X,*2H = *,G13.6,9X,'MH = *,613.6,6X,"XH = *,G13.6)
WRITE(#,741) SZU, SMU, SXU

FORMAT(4X,*2U = *,G13.6,9X,'MU = *,613.6,6X,'XU = ',G13.6)
WRITE (#, 751) SID1i,SMD1,SXD1

FORMAT (2X,*2D1 = *,G13.6,8X,'MD1 = ',G13.6,5SX,°XD1 = *,G13.6)
WRITE (#, 7€1) §ID2, SMDZ, SXD2

FORMAT (3X,*2D2 = ',G13.6,8X,'MD2 = *,G13.6,5X,"X22 = ',613.6)
WRITE (#,771) S§ID3, SMD3, SXD3

FORMAT (3X,*2D3 = ',G612.6,8X,'MD3 = ',G13.6,5X,*XD3 = *,G13.6)
WRITE(#,781) S§ZD4,SMD4,SXD4

FORMAT (3X,'2D4 = ',G13.6,8X,'MD4 = *,G13.6,5X,'XDé = *,G13.6)
WRITE(#,791) SIDS,SMDS, SXDS

FORMAT (3X,'2DS = *,G13.6,8X%,"MDS = ',G13.6,5%,'XDS = *,613,6)
WRITE (#, 800) S2D6, SMD6, SXDE

FORMAT (3X,*2D6 = ',G13.6,8X,'MD6 = *,G13.6,5X,'XD6 = ',G613.6)
WRITE (»,811) §2D7,SMD7,SXD7

FORMAT (3X,*2D7 = *,613.6,8X,'MD7 = *,G13.6,5X,"XD7 = *,G13.6)
WRITE (#, 820) 51Da, SMD8, SXD8

FORMAT (3X,'2D3 = *,G13.6,8X,'MD8 = *,G13.6,5X,'XD8 = *,513.6)
WRITE (*, 830)
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880 FORMAT (2X,4(G13.6,2X))

CALCULATE 'A*' MATRIX ELEMENTS

AMAT(1,1) = SXU
AMAT(1,2) = 2.0
AMAT (1,3) = SXA
AMAT (1,4) = =32.2%CTH
AMAT (2,1) = SMU
AMAT (2,2) = SMO
AMAT(2,3) = SMA
AMAT(2,4) = Q.0
AMAT (3,1) = SIU/U
AMAT(3,2) = 1.0
AMAT (3,3) = SZA/U
AMAT (3,4) = -32,2#STH/U
AMAT (4,1) = 2.0
AMAT (4,2) = 1.0 -
AMAT(4,3) = 2.8
AMAT (4, 4) = 9.0
WRITE (#,851)

FORMAT(* ', 5X, *LONGITUDNAL STATE MATRIX (STAB RXIS)')
WRITE (#, #)

WRITE (#, 842)

WRITE (%, %)

DO 856 I=i,4

WRITE (#, 860) (AMAT(I,J),J=1,4)

CONT INUE

CONTINUE

IF (KEY .EQG. °*BOT®* ) GO TO 446

IF (KEY .EQ. "GAM' ) GO TO 1463

CONTINUE

WRITE (», 430)

FORMAT (1X,* IS ANOTHER PROGRAM RUN DESIRED ? (YES/NO)')
READ(#, 443) RUN

FORMAT (A3)

WRITE (#, 445)

FORMAT (1X, ' #4482 R SRARRRRRRRAGRRRRRRRIRBRRRARRBERARARRRRERBRERT )
IF(RUN .EQ. 'NO *) GO TO 45@

IF(RUN .EQ. 'YES') GO TO 103

GO TO 421

CONTINUE

THIS 15 WHERE THE LATERAL DIRECTIONAL STARTS

WRITE (#,111)
FORMAT (1X,'CLB (1/DEG) = ')
READ(#,#) CLB
WRITE (#, 1120)
FORMAT(1X,*CNB (1/DEG) = ')
REARD(#, %) CNB
WRITE (%, 1130)
FORMAT (1X,*'CYB (1/DEG) = *)
READ(»,®) CYB
WRITE (#, 1140)
FORMAT (1X,'CLP (1/DEG) = *)
READ (», #) CLP
WRITE (#, $11SQ)
FORMAT (1X,*CNP (1/DEG) = ')
RERD (#, #) CNP
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WRITE (%, 1160}
1160 FORMAT(1X,*CYP (1/DEG)
READ(#,#) CYP
WRITE(#, 1170)
1179 FORMAT (1X,*CLR (1/DEG) = ')
READ(#, #) CLR
WRITE (», 1180)
1182 FORMAT(1X,*'CNR (1/DEG) = V)
READ (#, #) CNR
WRITE(#, 1190)
1190 FORMAT(1X,"CYR (1/DEG) = )
READ(#,#) CYR
- WRITE (#, 120@)
. 1200 FORMAT(1X,°*CLD1 (1,DEG) = V)
READ (#, %) CLD1
- WRITE(®, 1210)
AR 1210 FORMAT (1X,'CNDt (1/DEG) = ?)
1 REQAD(#,#) CND1
. WRITE (%, 1220)
= 12290 FORMAT (1X,°CYD1 (1/DEG) = 7)
READ(#,#) CYD1
WRITE (#, 1230)
1230 FORMAT (1X,°CLD2 (1/DEG) = *) .
READ(#,®#) CLD2 -
WRITE (#, 1240)
1240 FORMAT(1X,'CND2 (1/DEG) = *)
READ (#, ) CND2
. WRITE (#, 125@)
1250 FORMAT (1X,°*CYD2 (1/DEG) = %)
READ (#, &) CYD2
WRITE (»,1260)
' AN {268 FORMAT(1X,°CLD3 (1/DEG) = )
O READ (#,#) CLD3
WRITE (%, 1270)
1270 FORMAT (1X,*CND3 (1/DEG) = v)
READ (», ») CND3
WRITE (%, 1280)
1289 FORMAT (1X,'CYD3 (1/DEG) = v)
READ(#,#) CYD3
WRITE (», 1299)
1230 FORMAT (1X,'CLD4 (1/DEG) = V)
& RERD (%, #) CLD&
- WRITE (#, 130@)
£ 1309 FORMAT (1X,°CND4 (1/DEG) = 1)
- READ (#, #) CND4
L WRITE(#, 131Q)
L 1310 FORMAT (1X,'CYD4 (1/DEG) = *)
READ (», #) CYDé
— WRITE (#, 1320)
’ 1320 FORMAT (1X,*CLDS (1/DEG) = ')

LA

"

OO
]

P

Pttt
1

BRI )

READ (#, #) CLDS o

WRITE (#, 1330) )

a 1330 FORMAT(1X,*CNDS (1/DEG) = *) A

- READ (», #) CNDS T

i WRITE (#, 1340) KR

1348 FORMAT (1X,°CYDS (1/DEG) = ') 5
READ (e, #) CYDS

WRITE (#, 1359) t~rﬂ

135 FORMAT(1X,'CLD6 (1/DEG) = *) g

READ (e, %} CLD6 o
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1362

1370

1380

1390

1400

1410

1429

1430

1440

1450

1460
1465
1470

WRITE (#, 1360)
FORMAT(1X,"CND& (1/DEG) = *)
RERD (#, %) CND6
WRITE (#, 1370)

FORMAT (1X,'CYD6 (1/DEG) = *)
READ (#, #) CYD6

WRITE (%, 1380)

FORMAT (1X,'CLD7 (1/DEG) = ')
READ (#, %) CLD7

WRITE (%, 139®)
FORMAT (1X, *CND7 (1/DEG) = *)
READ (#, #) CND7
WRITE (#, 1400)

FORMAT (1X,*CYD7 (1/DEG) = *)
READ(#,#) CYD7
WRITE(#,141Q)

FORMAT (1X,*CLD8 (1/DEG) = *)
REARD(=»,#) CiDB -
WRITE (#, 1420)

FORMAT (1X,°CND8 (1/DEG) = *)
READ (#,#) CND8
WRITE (#, 1430)

FORMAT (1X,*CYD8 (1/DEG) = *)
RERD (%, #) CYD8

WRITE(#, 1440)

FORMAT (1X,*CLD9 (1/DEBG) = ')
READ (%, ) CLD9
WRITE (#, 1459)

FORMAT (1X,*CND9 (1/DEG) = *)
READ (#,#) CND9
WRITE (#, 1460)

FORMAT (1X,'CYD9 (1/DEG) = ')
READ (#, %) CYD9

CONTINUE

WRITE (#, 1479)

L il LKL o A A LBy & S M AN St~ X o 10 gl

IS A e A U i g X B o e A g e

FORMAT (* 1°, 8X, 'LAT-DIR BODY AXIS COEFFICIENTS')

IF(KEY .EQ. *LON') GO TO 149
IF(KEY .EQ. *BOT') GO TO 1490
WRITE (%, 1488) DALPHR

FORMAT (15X, *ALPHA = *,G13.6)
CONTINUE

WRITE (#, 1509) CLB,CNB,CYB

FORMAT (3X,'CLB = *,613.6,8X,'CNB = *,G13.6,5X,°CYB = ',G13.6)

WRITE (#,1510) CLP,CNP,CYP

FORMAT (3X,'CLP = *,613.6,8X,'CNP = ?,G13.6,5X,’CYP = ' ,G13.6)

WRITE (#, 1520) CLR,CNR,CYR

FORMAT (3X,'CLR = *',613.6,8X,'CNR = *,G13.6,5X,'CYR = *,G13.6)

WRITE(#, 1530) CLD1,CND1,CYD1

FORMAT (2X,'CLDS = ',(613.6,7X,'CND1 = ' ,G13.6,4X,'CYDLl = ',G13.6)

WRITE (%, 154@) CLD&,CND2,CYD2
FORMAT (2X, 'CLD2 = °,G13.6, 7X, 'CND2
WRITE (#, 1550) CLD3,CND3,CYD3
FORMAT (2X, *CLD3 = ',G13.6, 7X, 'CND3
WRITE (#, 156@) CLD4,CND4, CYD4
FORMAT (2X, *CLD4 = ',G13.6, 7X, ' CND4
WRITE (#,1573) CLDS,CNDS, CYDS
FORMAT (2X, 'CLDS = *,G13.6, 7X, 'CNDS
WRITE (#,1580) CLD6E,CND6,CYDE
FORMAT (2X, ' CLD6 = *,G13.6,7X, CND6
WRITE (#, 1599) CLD7,CND7,CYD?

', G13.6, X, 'CYD2
', 613.6, 4X,*CYD3
' ,G13.6, 4X, 'CYD4
', G13. 6, 4X, 'CYDS

',613.6,4X,°'CYD6

',613.6)
',613.6)
'yG13.6)
'y613.6)

',613.6)

R wh AT

v

- mee
o




_d
)
K]
'
.
.
?
I

g
oA

»
MG L
RS
D N
-
-
-

e,
v

i - BASG
«
f%.

g ';b

1598 FORMAT (2X,°*CLD7 = *,G13.6,7X,'CND7 = *,G13.6, 4X,'CYD7 = ',513.6) o
WRITE (#, 1600) CLD8,CND8,CYD8 "
1608 FORMAT (2X,'CLD8 = ' ,G13.6,7X,'CNDB = * ,G13.6,4X,°'CYD8 = ',613.6) .
WRITE (%, 161@) CLD9,CND9I, CYD9 .
1610 FORMART(2X,°CLD9 = *,G13.6,7X,'CND9 = *,G13.6, 4X,°CYD9 = ' ,G13.6) ”}
WRITE (#, #) il
WRITE (#, 1620)
1620 FORMAT (1 x' 'RRBRBRERBFARBRRARER AR RRBRRRNERRRRRARRR LR ER PR R AR ERRRTY )
1625 CONTINUE
WRITE (#, 1630)
1630 FORMAT(1X,°1S THE ENTERED DATA CORRECT ?  (YES/NO)')
READ (%, 1648) DATA2
1640 FORMAT (R3)
IF ( DATA2 .EQ. "NO') GO TO 446
IF ( DATA2 .EQ. 'YES' ) GO TO 1645
GO TO 162%
1645 CONTINUE
WRITE(#, 1646) -
1646 FORMAT (1X,'D0O YOU WANT STAB AXIS DATA FOR LAT-DIR? (Y/N)')
READ (%, 1647) STAB2
1647 FORMAT (A1)
IF ( STAB2 .EG. 'N') GO TO 1801
IF ( STAB2 .EG. 'Y') B0 TO 1648
GO TO 1645
1648 CONTINUE
BSAL PH=—ALPHA

Phe 2 28 BV

CSA=COS (BSALPH)
SSA=SIN (BSALPH)
CS=CSA+CSA
SS=SSA*SSA
c
~. SCLA=CLP*CS + CNR#SS ~ (CLR + CNP)*CSA#SSA -
e SCLR=CLR#CS - CNP#SS + (CLP - CNR)#CSA#SSA e
- SCLB=CLB#CSA - CNE#SSA o
SCLD1=CLD1#CSR - CND1#SSA N
SCLD2=CLD2#CSA - CND2#SSA T
SCLD3=CLD3#*CSA - CND3#SSA Y
SCLD4=CLD4#CSA - CND4#SSA -
SCLDS=CLDS#CSA - CNDS#SSA ek
SCLDE=CLD6*CSA - CNDE#SSA
SCLD7=CLD7#CSA - CND7#SSA e
SCLD8=CLDa#CSA - CNDB#SSA e
SCLDI=CLDI#CSA - CND3I*SSA R
c
SCNP=CNP#CS - CLR#SS + (CLP - CNR)#CSA*S53a
SCNR=CNR#CS + CLD#S5S + (CL3 + ChrI)eCSAesIn
SCNB=CNB#CSA + CLE#*SSA
SCND1=CND1#CSR + CLD1#SSR
SCND2=CND2#4CSA + CLD2#SSA
SCND3=CND3#CSA + CLD3#SSA
SCND4=CND4#CSA + CLD4#SSA
SCNDS=CNDS#CSA + CLDS#SER T
SCNDE=CND6#CSA + CLDE#SSA T
SCND7=CND7#CSA + CLD7#SER w0
SCNDB=CNDB#CSA + CLDB*S3A o
SCND9=CNDI#*CSA + CLD3I*SSA o
c Y
SCYP=CYP*CSA - CYR#SSA S
SCYR=CYR#CSA + CYP#S3A Y
SCYB=CYB DN
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1601 FORMAT (2X,°'CLD8 = *,613.6,7X,"CND8 = ' ,G13.6,4X,°'CYyD8 = ',G13.6) -
WRITE(#,1611) SCLD9, SCND9,CYD9
1611 FORMAT(2X,'CLD9 = *,613.6,7X,'CND9 = * G13.6, 4X,°'CYD9 = *,G613.6)
. WRITE (#, %)

e
I~' .‘l 4
Qﬁ'
u-:» r
'.:“.‘ . '.-
[y
WRITE (#,1471) (SRS
1471 FORMAT(BX,'LAT-DIR STAB AXIS COEFFICIENTS®) S
WRITE (%, 1501) SCLB, SCNB, SCY3 v
1501 FORMAT(3X,'CLB = *,G13.6,6X,'CNB = ',613.6,5X,'CYB = *,G13,€) et
WRITE(#,1%511) SCLP, SCNP, SCYP '::
1511 FORMAT(3X,'CLP = ' ,G13.6,8X,'CNP = ',G13.6,EX,'CYP = ' ,G1Z.6)
WRITE(#, 1521) SCLR, SCNR, SCYR
1521 FORMAT(3X,'CLR = ',G13.6,8X,'CNR = ",G13.6,5X,'CYR = ',513.6) et
WRITE (%, 1531) SCLD1,SCND1,CYD1 Yo
1531 FORMAT(2X,°CLD1 = *',G13.6,7X,'CND1 = ',G13.6,4X,°'CYDl = ',G13.€) oA
WRITE (%, 1541} SCLD2, SCND2, CYD2 Tl
1S41 FORMAT(2X,'CLD2 = *,G13.6,7X,"CND2 = *,G13.6,4X,'CYD2 = ',G13.6) e
WRITE (#, 1551) SCLD3,SCND3,CYD3 e
1SSt FORMAT (2X,°'CLD3 = ',G13.6,7X,'CND3 = *,G13.6,4X,'CYD3 = ',G13.6) o
WRITE(#,1561) SCLD4,SCND4,CYD4 P
1561 FORMAT(2X,'CLD4 = ' ,G13.6,7X,"CND4 = ' ,G13.6,4X,'CYD4 = *,G132.6) —
WRITE (%, 1571) SCLDS, SCNDS, CYDS )
1571 FORMAT(2X,’CLDS = *,G13.6,7X,"'CNDS = ?,6i3.6,4X,°CYDS = ',G13.8) A
WRITE(#, 1581) SCLD6, SCNDE,CYDE N
1581 FORMAT(2X,°CLD6 = ',B13.6,7X,"CND6 = *,G13.6,4X,'CYD6 = *,613.6) o
WRITE (%, 1591) SCLD7,SCND7,CYD7 e
1591 FORMAT(2X,'CLD7 = *,513.6,7X,"CND7 = *,G13.6,4X,'CYD7 = ¥,G13.6) e
WRITE (#, 1601) SCLD8, SCND8, CYD8 P

SIXX=BIXX#C0OSSQ + BIZI#SINSQ - BIXZ#SIN(2#ALPHA)
Sivy=BIYY
S1ZZ=BIZZ#COSSQ + BIXX#SINSQ + BIXZ#SIN(2#ALPHR)

. SIXZ=BIXZ#COS (2#AL PHA) + .S#(BIXX — BIZZ)#SIN(2#ALPHA)

- SN = DPR#(Q#S#B) /SI1Z2Z =
. SL = DPR* (Q#S#B) /SIXX g
SB = B/(2.0#U) oy
SY = DPR#*(Q#5#32.2) /W -
SNB = SN#SCNB N
SNP = SN#SB#5CNP g
SNR = SN#SB#*SCNR
SND1 = SN#SCND1 o~
SND2 = SN*#SCND2 -
SND3 = SN#SCND3 S
SND4 = SN#SCND4 e
SND5 = SN#SCNDS o
SNDE = SN#SCNDE o
SND7 = SN#SCND7 X
SND8 = SN#SCND3
SND9 = SN#SCND?

SLB = SL#SCLB S
SLP = SL#SB#SCLP

SLR = SL*SB#SCLA
SLD1 = SL#*SCLD1

SLD2 = SL#SCLD2 .-
SLD3 = SL#SC.D3

SLD4 = SL#SCLDw

SLDS = SL#SCLDS -
SLDE = SL+SCL2E T
SLD7 = SL#*SCLL? ,:j
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1661
1671
1681

. 1691
- 1701
S 17114
- 1721
. 1731
1741
1751
1761
1771

1781

he v Buithe e B - AR pin PR SR i Rioch o BeL 2l 3

SLD8 = SL#SCLDE
SLD9 = SL#SCLDI

SYB = SY«SCYB
SYR = Sy«SB#*SCYR
SYP = Sy«SB#SCYP

SYD! = SY=SCYD!
SyDe = SyYsSCyYD2
SYD3 = SY#SCYD3
SYD4 = SY#SCYDs
SYDS = SY#SCYDS
SYD6 = SY#SCYD6
SYD7 = SY#SCYD7
SYD8 = SY#SCYD8
SYD9 = SY#SCYD9

WRITE (%, 1661)

FORMAT (SX, ' LAT-DIR STAB AXIS DIMENSIONAL DERIVATIVES(i/RAD)')
WRITE(#,1671) SNB, SLB, SYB

FORMAT (4X,'NB = *,G13.6,9X,'LE = *,G13.6,5X,'YB = *,G13.6)
WRITE (#, 1681) SNP, SLP, SYP

FORMAT (4X,*NP = ' ,613.6,9%,'LP = *,G13.6,5X,°YP = ' ,G13.6)
WRITE (#,1691) SNR, SLR, SYR

FORMAT (4X,*NR = % ,G13.6,9X,'LR = ¥,613.6,5X,°YR = ' ,G13.6)
WRITE (#, 17@1) SNDI,SLD1, SYD1

FORMAT (3X,*ND1 = *,G13.6,8X,*LD1 = ',613.6,4X,'YD1 = ,G13.6)
WRITE(#,1711) SND2, SLD2, SYD2

FORMAT (3X,*ND2 = ',G132.6,8%,°'LD2 = *,G13.6,4X,'YD2 = ',613.6)
WRITE(#, 1721) SND3,SLD3,SYD3

FORMAT (3X,*ND3 = *,G13.6,8X,°LD3 = *,G13.6,4X,'YD3 = *,G13.6)
WRITE(#, 1731) SND4, SLD4, SYD4

FORMAT (3X,*ND4 = ' ,G13.6,8X, (D4 = *,G13.6,4X,'YD4 = *,613.6)
WRITE(#, 1741) SNDS, SLDS, SYDS

FORMAT (3X,*NDS = ' ,G13.6,8X,'LD5 = *,G13.6,4X,’YDS = ' ,G13.6)
WRITE (%, 1751) SND6, SLDE, SYDE

FORMAT (3X,*ND6 = ',G13.6,8X,'LD6 = ',613.6,4X,'YD6 = *,613.6)
WRITE (%, 1761) SND7,SLD7,SYD7

FORMAT (3X, "ND7 = *,G13.6,8X,'LD7 = ',613.6,4X,'YD7 = ',G613.6)
WRITE (%, 1771) SND8,SLD8, SYD8

FORMAT (3X,"ND8 = *,G513.6,8X,'LD8 = ',613.6,4X,'YD8 = *,613.6)
WRITE(#,1781) SND9, SLD9, SYD9

FORMAT (3X,"ND9 = * ,G13.6,8X,'LD9 = *',613.6,4X,°YDI = 7,G13.6)

WRITE (», 165Q)

FORMAT (11X, ' #0420 R4RE R AR AR ERRARBLARERSRFRRAREBRERIRARLBHRRIBREREY )
CONTINUE

N = DPR#(QuS+B)/BIZZ

L = DPR*(Q#S«B)/BIXX

BB = B/ (2.0#U)

Y = DPR#(Q#S#32.2)/W

ENB = N#CNB

BNP = NsBB#CNP

ENR = N#BB#CNR

BND1 = N#CND1
END2 = N#CND&
ENDZ = NeCND3
END4 = N*CND4
ENDS = NeCNDS
ENDE = NeCNDE
EnD7 = NeCI.T7
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BNDB = NsCND8 A%
BND9 = N#CND9 X

Ay By %y %

BLB = L#CLB
BLP = L*BBE#CLP
BLR = L#EB*CLR
BLD1 = L#CLD1 )
- BLD2 = L#CLD2 LN
o BLD3 = L#CLD3 A
- ELD4 = L*CLD4 e
BLDS = L#CLDS o
T BLD6 = L*CLD6 -
- BLD7 = L#CLD?7 o
BLD8 = L*CLD8 iy
BLD9 = L#CLD%

a v

-t BYB = Y#CYB
: BYR = Y#bBB#CYR
- BYP = Y#BB#CYP
- BYD1 = Y#CvYD1
- BYD2 =
- BYD3 = Y#CYD3
BYD4 = Ya(CYD4
BYDS = Y#CYD3
-
-
=
-

»

R
PR

Y#CvyD2

Ty
v s
N

Bl
b

L BYD6 = Y*CYD6 el
o BYD7 = Y#*LYD7 .

ol BYDS = Y#*CYD8
" BYD9 = Y#CYD9

L WRITE (#, 166Q)
1660 FORMAT (5X, ' LAT-DIR BODY AXIS DIMENSIONAL DERIVATIVES(L{/RAD}')
Z.. WRITE (#, 1670} BNB, BLB, BYB -
DA 1678 FORMAT (4X,*NB = ',G13.6,9X,'LB = *,G13.6,5X,"'YB = *,G13.6) Sa8
WRITE (#, 1680) BNP, BLP, BYP o
- 1680 FORMAT (4X,"NP = ' ,G13.6,9X,'LP = *,G13.6,5X,'YP = ' ,G13.6) e
. WRITE (%, 1620) BNR, BLR, BYR -
- 1690 FORMAT (4X,'NR = *,G13.6,9X%,'LR = ?,G13.6,5X,'YR = ",G13.6) v
WRITE (#, 1700) BND1,BLD1,BYD1 -
1720 FORMAT (3X,'ND1 = ',513.6,8%,°LD1 = *,G13.6,4X,'YD1l = ',513.6) Sad
WRITE (#,171@) BND2, BLD2, BYD2
o 1710 FORMAT(3X,°ND2 = ',G13.6,8X,°'LD2 = ',G13.6,4X,'YD2 = ',613.6) D
o WRITE (#, 1720) BND3,BLD3,BYD3 o
A 1720 FORMAT(3X,*ND3 = *,G13.6,8X,*LD3 = ',G13.6,4X,°YD3 = ',613.6) -
WRITE (#,1730) BND4,BLD4,BYD4
1739 FORMAT(3X,'ND4 = ',G13.6,8X,'LD4 = *,G13.6,4X,'YDs = ',G13.6) )
WRITE (%, 174@) BNDS, BLDS, BYDS o
: 1743 FORMAT (3X,"'NDS = *,G13.6,8X,°LDS = *,613.6,4X,'¥DS = *',G13.6) e
- WRITE (#,175@) BND&, BLDE, BYDE
u 1758 FORMAT(3X,°ND6 = ',G13.6,8X,'LD6 = *',513.6,4X,'YD6 = ',613.6)
- WRITE (#, 176@) END7,BLD7,BYD?
1760 FORMAT (3X,*ND7 = *,G13.6,8X,°'LD7 = *,613.6,4X,'YD? = ',613.6)
: WRITE (%, 177@) ENDS,BLDS, BYD8
“ 177@ FORMAT(3X,*ND8B = ',G13.6,8X,°LD8 = *,B13.6,4X,'YD8 = ',G13.6)
: WRITE (#, 17680) BND9, BLD3, BYD3
A} 176@ FORMAT (3X,*ND? = *,513.6,8X,°LD3 = *,613.6,4X,'YDI = *,613.6)
WRITE (#, 1792)

S Lo dR P
oy

< 1732 FORMAT (LX, ' #2210 ARRLARERRRRRERERSRERAERERCRSRAERRSRARER SRR ARGEET ) -
. WRITE (», 18QQ) e
- 1822 FORMAT (1X, ' #4440 8 AR AR ARARRERRRERARERARRRFRERRBLERLRLARRRERERRER" ) ERaA
c e
.. o
. A
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€  CONVERSION OF DATA INTO STATE SPACE FORM

c

c
D= 1.0 - ((BIXZ*BIXZ)/(BIXX#BIZZ))
R1 = BIXZ/B12Z
R2 = BIXI/BIXX

c
PENB = (BNB + R1#BLB)/D
PENP = (BNP + R1#BLP)/D
PENR = (BNR + R1#BLR)/D
PBND1 = (BND1 + R1#BLD1)/D
PEND2 = (BNDZ + R1#BLD2)/D
PBND3 = (BND3 + R1#BLDZ)/D
PBND4 = (END4 + R1#BLD4)/D
PBNDS = (BNDS + R1#BLDS)/D
PBNDE = (BNDE + R1#BLDE)/D
PBND7 = (BND7 + R1#BLD7)/D
PBND8 = (BND8 + R1#BLD8)/D
PBND9 = (BND9 + R1#BLD9)/D
PSLB = (BLB + R2#BNB)/D
PBLP = (BLP + R2#BNP)/D
PBLR = (BLR + R2#BNR)/D
PBLD1 = (BLD1 + R2%END1)/D
PBLD2 = (BLD2 + R2#BND2)/D
PBLD3 = (BLD3 + R2#BND2)/D
PBLD4 = (BLD4 + R2#BND4) /D
PBLDS5 = (BLDS + R2#BNDS)/D
PBLDE = (BLDE + R2%#BND6)/D
PELD7 = (BLD7 + R2#BND7)/D
PBLD8 = (BLD8 + R2#BNDS)/D
PBLD? = (BLD9 + R2#END9)/D

c
PBYB = BYB/U
PBYP = SAL
PBYR = -CAL
PBYPHI = 32, 2%CTH/U
PBYD! = BYD1/U
PBYD2 = BYD2/U
PBYD3 = BYD3/U
PBYD4 = BYD4/U
PBYDS = BYDS/U
PBYD6 = BYD6/U
PBYD7 = BYD7/U
PBYDS = BYDA/U
PBYD3 = BYD3/U

c

c LATERAL DIRECT:

c

c

DO 1805 I=1,S

DG 1806 J=1,5
1806 DIRMAT(I,J)=0.Q

1805 CONTINUE

DIRMAT(1,3)=1.0Q
DIRMAT (2, 1) =PBYFH!
DIRMAT (2, 2) =PBYE
DIRMAT (2, 3) =PEYP
DIRMAT (2, 4) =PEYR
DIRMAT (&,S) =23, Z5TH/U

NAL STRTE MATRIX
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DIRMAT (3, 2) =PBLB
DIRMAT (3, 3) =PBELP
DIRMAT (3, 4) =PBLR
DIRMAT (4, 2) =PBNB
DIRMAT (4, 3) =PBN?
DIRMAT (4, 4) =PENR
R DIRMAT(S,4)=1.0

£
'l .l 'l v l'l

OUTPUT THE STATE MATRIX

o0onDnn

WRITE(#,832)
WRITE(#, 1810)
- 1810 FORMAT('1°,2X, 'LATERAL DIRECTIONAL STATE MATRIX®)
- WRITE (%, 1829)
o 1820 FORMAT(*Q',5X,'STATES = PHI,BETAR, P, R, PSI')
© WRITE(#, %) :
WRITE(#,1825) (DIRMAT(i, I),I=1,5)
WRITE (#,1825) (DIRMAT(2,1),1=1,5)
WRITE (#,1825) (DIRMAT(3,1),I1=1,5)
WRITE (%, 1825) (DIRMAT(4, 1), 1=1,5)
WRITE(#,1825) (DIRMAT(S,I),I=1,5)
WRITE (%, #)
1825 FORMAT (' @’,2X,S(G11. &, 4X) )

et
PRI

LATERAL DIRECTIONAL INPUT MATRIX

o000

DO 1830 I=1,9
£ . DIRBMAT(1,1)=0.0
o e DIRBMAT(S, 1)=0.0
S 1830 CONTINUE
e DIRBMAT (2, 1) =PBYD1
g~ DIRBMAT (2, 2) =PBYD2
L . DIRBMAT (2, 3) =PBYD3
. DIRBMAT (2, 4)=PBYD4
: DIRBMAT (2, 5) =PBYDS
DIRBMAT (2, 6)=PBYD6
. DIRBMAT (2, 7)=PBYD?7
DIRBMAT (2, 8) =PEYD8
DIRBMAT (2, 9) =PBYD9I
e DIRBMAT (3, 1) =PBND1
- DIRBMAT (3, 2) =PBND2
- DIRBMAT (3, 3) =PBND3
- DIRBMAT (3, 4) =PEND4
3 DIRBMHT (3, 5) =PENDS
- DIRBMAT (3, 6) =PEND6
DIRBMAT (3, 7) =PEND7?
DIRBMAT (3, 8) =PENDS
- DIRBMAT (3, 3) =PENDJ
- DIRBMAT (4, 1) =PELD1
- DIRBMAT (4, 2) =PELL2
DIREBMAT (4, 3) =PELD3
DIRBMAT (4, 4) =PELLD4
- DIREMAT (4,5) =PELLS
o DIREMAT (4, 6) =PELDE -
S DIRBMAT (4, 7) =PELD? R
xS DIRBMAT (4, 8)=PELCS e
w DIREMAT (4, 9) =PELDI i
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c o
c PRINT OUT THE INPUT MATRIX o
c o
WRITE (#, 1852) e
1858 FORMAT (' @', 2X,*LATERAL DIRECTIONAL INPUT MATRIX') e
WRITE (%, 186@) P
186@ FORMAT('@', 4X,*FOR INPUTS: DEL1=RUDDER,DELZ=DIFF CAN®) -
WRITE (%, 1870)
1870 FORMAT( 6X,°DEL3=DIFF STAB, DEL4=DIFF AIL, DELS=DIFF TEF’)
WRITE (#, 188@)
1888 FORMAT(6X,'DELE TO 9 ARE REVERSER VANE PORTS')
WRITE (#, 1830)
1899 FORMAT (" @', SX, ' ROW1', 11X, * ROW2', 11X, ' ROW3", 11X, * ROW4' , 11X, * ROWS®) v
DO 1900 I=1,9 ;
WRITE (#, 1825) (DIRBMAT (J, I),J=1,%) -
1988 CONTINUE =
GO TO 421 N
450 CONTINUE S
END o
‘: :.I
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NG
3
~ b
i
e
X
~
o)
;
e
. :-- '::.
F-23 :-‘ .




-~
r.
e Appendix G
p < - -
Simul ation Set-Up L Oh
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To simulate the response of the S5TOL aircraft the system )

S
'. '- '-' ."

2t

in Figure V.3-2 was constructed using the CAD package

MATRIX X[2851. MATRIX X allows the designer to construct the R

S system several ways, including state-space and transfer ég:

. functions. Transfer function representation for simulation is Ex;
a "natural" since the reguired transfer functions already 35;

exist from the GFT design method. Using the "System Build"® EE

option the individual transfer functions can be entered as ?ﬁ

%- "blocks" of a larger "Super Block". These Super Blocks can be :fﬁ

é- nested as parts of a larger Super Block. This is how the j&?
® STOL simulation is constructed. Figure G6-1 is a connection o

'i& - diagram of the system. The highest level Super Block, STOL1S, R%
35 has two inputs(commands) and four outputs(two output §§
N variables and two ‘'equivalent’ surface.deflections) and ::
i, contains six other Super Blocks: ;}é

EE 1) prefil contains both prefilters and the feedback ig;

S loop summing junctions. RO

2) servo contains two Super Blocks (both shown as %23

transfer functions, but actually are Super ERlocks) ??f

servol and servo2 both of which contain servo :5;

ii transfer function, rate and deflection saturations ;ﬁ
* LSRN
Eﬁ as outlined in Super Block stuff . §§
= 3) compen contains both g and g along with the :‘:j*

3: reconfigurable terms ' (Bloci ‘Recof’).

< N -

G-1 o




AP et va e o - RO A0 LRI SO S NI S ™y A i - A = - z
oy
-t ‘ 3
. SN
.'. “
- N

LN
3 |

a 1 %
v
o

L
-
)

I
@
|

5

]

&

N f == == (e
,- [oulsum| SURLTS [vanesp} (Y ]

T

f
RS
B
—
é.

. = ff:'ai][q

- idting - SIOLIS (Comtinuous)  Posle Buller  Eply (Bling - prell _{Contiovovs)  Posle Bulter : Emgly

7
’; g
\——

e, §|

18!
o~ |

—

o | o

-
3
we

0
-

l\.l

el arem

[dhing - servo (Contrwous} _Paste Buller _ Lmply idng sl (Covemovs)  Peste Bulter - Emply

. B J_
e '
o
].11]

~

- g \
.: \.-. ~
s n'ug"g \.'\J
l —a— LINY
b .
ladisd S
dng . compen (Contemows) _ Poste Butter  Lmply AJ (img  rone (Contomons)  Poste Bulter * Emply j
: " £
REN!
i Fn :'-'._1.
weerat) [osier .
~ [
me “\."
[ E] [ -
R E P
basbs B vaeLy b N
] ‘;:a— 1Y LA

wq| (|2

; ) 2 i
{0l SUPLIS (Contmuons) _Posle Bulfer ~ [mgly (8ing - ovisum (Contiruows) _ Pesle Bulter : Emoly
< S
Ca™y
L
. Fig.G-1: MATRIX X Simulation of STOL Aircraft AN
-l e
G-2 P
—~—




YT T, T L v,

YRR

U W

4) vanesp contains the plant transfer functions

relating vane deflections to the outputs.

5) SUPLTS contains the plant transfer functions
relating asrodynamic surface deflection to the
outputs.

6) outsum contains the summing junctions that add
together the outputs of the plant transfer
functions, constructing the system outputs.

The MATRIX X CAD package used is hosted on a VAX
computer with a VMS operating system. For simulation the CAD
package takes the transfer functions, algebraic equations,
and non-linear elements (such as saturations) and builds a
state—-space model to represent the entire system. For this
simulation the state-space vector is of dimension 64.
Needless to say, simulation is very slow. In order to
decrease the computation time change the default integration

routine from the Variable Step Kutta-Merson to the Implicit

Stiff System Solver. Both are variable step methods; however,

the MATRIX X manual states that making this change will

decrease computational times for systems containing algebraic

loops and/or dynamic systems. This it does markedly,
sometimes by an order of three or more depending on the VAX
load.

MATRIX X significantly reduced the time spent on the
simulation part of this thesis. Previous theses used CAD
packages that are not as powerful as MATRIX X, or they wrote

their own simulation routines. In the authors opinion MATRIX

X is the "best" controul system design CAD package at the time
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of this writing.

AFIT administrators should expedite purchase

of the CAD package to host on AFIT computer resourses. Doing

so will reduce time, frustration, and stress level of future

AFIT Controls Sequence students.
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APPENDIX H
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Reshaping of the Loop Transmissiaons

The loop transmissions developed in Chapter IV are

Ve nd

L I 8
(]

i3 .
L

overdesigned since they do not lie on the bounds at each

Ll PR

frequency. This results in the magnitudes of the loop

.
s

» >

RN R

compensations g and g being greater than necessary over the
1
entire frequency spectrum. This is especially noticable at

3 AR

v
e
a r s

’

higher frequencies. In order ta reduce the overdesign and

associated problems with wide bandwidth such as unmodelled

» s
‘
4

[

pole excitation and noise, both loop transmissions are £
redesigned to be as close as passible to the bounds and to
decrease in magnitude faster at high frequencies.
The redesign of loop ane starts with the plotting of

s
plant templates for frequencies of 208 and 400 rad/sec. These gﬁs
extra bounds are required when the new L is shaped so nao tﬁg
penetration of the maximum desired M co;tour(Forbidden =

3

« e
v %0 e e
.
"
.
o« '

m
Region) occurs in the range of 82 - 1808 rad/sec . The UHFB

v .
PR

0
LR

is again approximated by using the bound at w = 1088. The

resulting bounds for the modified loop transmission are in

A o v
L o elele
. v e %t

R PRI
Ch ol
. PR

Figure H-1. The initial form for L includes just the i

io b;f

unstable pole X Ex:

XN

L = _ K(@.3851) (H-1a) L

1o (s - @.3851) e

For £ > @ the system must remain stable and must drop in qﬁ

c".‘.

magnitude as fast as practically possible. To keep the loop EE

- o f;
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Fig.H-1: Loop One bounds and the reshaped Loop XY

transmission as close as possible to the -188 degree line

One Transmission

without crossing it

(causing a conditionally stable system),

and to increase the rolloff,

meet the bound at W= 1 the gain 1s increased by 200(44 dB).

Using trial and error along with e:perience,

loop transmission is shaped;

w=103@ is crossed at a much lower frequency to increase the

a pole is added at —-0.3851.

however, th
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phase angle and draop-off rate of L much faster than the

1o
original L . During the process the loop transmission is
lo
required to stay outside the bounds at Ww = 2@, 40, 8a, 200, Lo
b
and 400 rad/sec. The result of this loop shaping is an L g?‘
1o b
hY

that has a greatly lowered high frequency gain verses the W'y

original L . The resulting transfer function is:
lo

&6 AN

L = 3.211 (10 )(s+3.81) (5+19.3) (H-1b) {?

1o (s—@.3851) (s+0.3851) (s+146Lj35) (s+79) (s+117) -

Figure H-1 is a plot of the bounds and L on the Nichol ‘s N
1o .5

chart. The new L is much closer to the bounds and draps off %{{
1D L '.n

much sooner. This decreases the compensation bandwidth. i.'

The -2 dB bandwidth is approximately 1@ rad/sec as compared

to the 12 rad/sec of the original L . With the nominal plant ol
1o g
at FCZ2:Canard Failed, the required compensatian is:

S r-.
g = _5.023(10 ) (s+3.81) (s+0.6067%j0.3579) (s+11.56) Fﬁ{
1 (s+0@.3851) (s+@.6124) (s+1,.153) (s+7.728) (s+22_2%5) ;&}
-

* _(s5+19.3) (s+1.979) (s+53.88) (H-2)
(s+22.29) (s+162335) (s+79) (s+117) A
A comparison between the original compensator and the one ';}
above is shown in Figure H-2 . The high freguency gain is I
decreased by over 48 dB, showing the considerable overdesign SR
present in the original g . The prefilter required for the Ef;
1 -3
new loop compensation is: :y}
£ = _17.3 (H-3) N
11 (s + 5) s
R
Since the loop one compensation is changed new plant }i'
Y
wY!
templates for @ are required. Using equations (4.7-1) *
s |

22eq
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23
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ol
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_y through (4.7-11) new @ are derived. The new plant -
A 22eq Lt
templates closely resemble the previous ones. This is nat -
\
surprising since most of the uncertainty in @ lies in @ (}‘
22eq 22 1=y
which does not change with the new L . b
1o R
» ‘-_
L3
[7 COMPARISON OF ORIGINAL AND MODIFIED Gl :%::
o
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Fiq.H-2: Comparison of New and 0Old Compensators G1 gf:
The new bounds for the second loop are shown in Figure H-3. £
:“. Again the loop transmission contains the unstable pole at :'_::-'
! @.3851 and cuts through the UHFH, outside(ar above) the b
iy
- respective bounds at each frequencies, keeping the plant LN
template outside the Forbidden Region. The shaped L is:
\ 2o
. 5
N L = 6.6154¢(1@ ) (s + 15) (H-4)
20 (s+0.3851) (5-0.3851) (s+6013119) (5+22@)
:f':. . and is shown also in Figure H-3 along with the original L .
: -~ . 20
' H-h
.
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S T TS




The -3 dB bandwidth is 34 rad/sec, 10 rad/sec greater than

ii- the -3 dB bandwidth of the earlier design. The increase in

PR o O ROt B 1 ]

bandwidth is due to the loop bounds for distrurbance

rejection shifting upward. The required loop compensation is:
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o g = 560742(s+15) (5+@.7631) (s5+3.715) (s+24.31)

- 2 (s+0.3851) (s+0.7124130.2019) (s+232.6) (s5+22.49)
- * (5+36.25) (s+@. 62172 0. 2283) (s+1.979)
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Figure H-4 shaws the difference between the old and new g .

2
Notice the decrease in high frequency gain, 3@ dB at 10
rad/sec , 14 dB at 100 rad/sec, and over S@ dB at 100@
rad/sec.
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Caompensation
The prefilter does not have to be changed to give the
22 '
desired tracking performance, thus:
f = 4 (H-6)
22 (s+@.8)

These compensations and prefilters, leading to loop
transmissions having much smaller high frequency gain than
the previously designed ones, are used in the simulations in

Chapter V.
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Appendix 1

égi Derivation of Expanded Flant Determinant
Equations
The determinant of the 2 X 2 aircraft plant P’ is:
det{ P’} =P P° - P P’ (I-1)
11 22 12 21%
From EqQ(2.3-1@) (A-1) can be expanded ta
F + u P YF +p P 1»-(F +y4 P »(F +y4 F ) (I-2)
11 21 12 22 12 21 12 12 11 21 21 22
Multiplying this expression out and collecting the terms
results in:
ol (1 —pu YP P +7P P ) (1-3)

Ignoring the first guantity since its just a constant, the

terms in the second quantity are expanded using Eq(2.3-9):

( AP + AP + AP ) AP + AP

111 212 313 4 24 5 25
~ CAP + AP + AP YU AP + 4P ) ( 1-4)
121 222 323 4 14 5 1S

When (A-4) is multiplied out and grouped according to the

A and 4 values it can be expressed as:
4 S

4 4 (P P —-P P )+ 4 4
1

(F P ~-F P )
1 4 1124 14 21 25

S 25 11 15 21

A AP P -P P )+p AW P -P P )

2 4 1224 14 22 2 5 12 25 15 22
A A P —P P )+pq 4P P -P P ) (-5
3 4 1324 14 23 3 5 1325 15 23
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If the expression is divided by 4 and A it can be written
1 4
as:

(P P —-P P ) +yPF F -F P )
11 24 21 14 25 11 15 21

t

MY - A

.

+(A/7A4A)H>PP P ~-P P )+ )YPtP P -F F )
2 1 12 24 14 22 1 15 22

|

w
+J

+ (474 P ~P P )+YPY® P -F P ) (1-6&)
3 01 13 24 14 23 i

N
]
[
-
w
N
W

!"
'i

where Y= 47 4 .
s 4

This is Eq(4.5-12) in Chapter IV of this thesis.
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The state-space matrix representation of the aircraft is developed from pertubation f:ﬁ =
equations using linearized aerodynamic data. Transfer functions relating servo input  Jls i'ﬁ

signals to aircraft outputs are obtained from the state-space equations. The original

output set included the flight path angle and velocity; however, the non-minimum phase b
characteristics of the flight path angle precluded its use by the type of Quantitative §3i
Feedback Theory used in this thesis since unstable plants can arise. ~Instead, the Ky
winimum phase variables angle of attack and velocity are controlled. The ten separate Eiﬁ
transfer functions relating the two output variables to the five input commands form a ’i

5 X 2 plant transfer function matrix. These separate transfer functions are combined
using a weighting vector into a 2 X 2 minimum phase plant matrix for each flight con- E%,
dition/failure combination. Quantitative Feedback Theory is applied to the resulting -
rlants to vield robust control. : :7j
A single set of fived compensators and prefilters are designed to handle the entire F‘3

~lant set, consisting of three single-surface failures and two dual~surface failures at —
zach Ilight condition. tor these failures neither Fault Detection/Identification, nor ;xf
scheduled compensation, is required. Surfaces are assumed locked at zero degrees deflec- -
cion after failure, generating no net moment after failure. Digital simulations have o
shown the control to b2 robust over the three flight conditions and surface failures. R
Loop bandwidths for the velocity and angle of attack loops are 35 and 12 rad/sec e
respectivelv. Control surface rates and deflections are shown to _saturate only for the p >
double failure cases. me

Quantitztive Feedback Theory effectively controls the aircraft despite large un- }}k
certainty due to flight condition changes and/or control surface failures without identi-
fication. Application of QFT eliminates the use of identification to achieve robustness S
and the associated false alarm and missed detection problems. Efforts to expand upon ‘;; En—
the base of flight control design using this method are recommended, especially direct
design in the discrete domain. Research should also continue on developing a computer-
ajded design program to expedite the synthesis of controllers using QFT.
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